Historical and Current Population Patterns of the Staghorn Coral (_Acropora cervicornis_) in Dry Tortugas National Park by Lizza, Kaitlyn
University of South Florida
Scholar Commons
Graduate Theses and Dissertations Graduate School
January 2015
Historical and Current Population Patterns of the
Staghorn Coral (_Acropora cervicornis_) in Dry
Tortugas National Park
Kaitlyn Lizza
University of South Florida, klizza@mail.usf.edu
Follow this and additional works at: http://scholarcommons.usf.edu/etd
Part of the Ecology and Evolutionary Biology Commons
This Thesis is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in Graduate
Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact scholarcommons@usf.edu.
Scholar Commons Citation
Lizza, Kaitlyn, "Historical and Current Population Patterns of the Staghorn Coral (_Acropora cervicornis_) in Dry Tortugas National
Park" (2015). Graduate Theses and Dissertations.
http://scholarcommons.usf.edu/etd/5728
 
 
 
 
 
Historical and Current Population Patterns of the 
Staghorn Coral (Acropora cervicornis) in Dry Tortugas National Park 
 
 
 
by 
 
 
 
Kaitlyn E. Lizza 
 
 
 
 
A thesis submitted in partial fulfillment 
of the requirements for the degree of 
Master of Science 
with a concentration in Marine Resource Assessment 
College of Marine Science 
University of South Florida 
 
 
 
Major Professor: Albert C. Hine, Ph.D. 
David G. Zawada, Ph.D. 
Stanley D. Locker, Ph.D. 
 
 
Date of Approval:  
May 26, 2015 
 
 
 
Keywords: Population ecology, Historical Population, Repopulation, Density, Habitat  
 
Copyright © 2015, Kaitlyn E. Lizza 
 
 
  
 
 
 
 
DEDICATION 
 
 
For my loving family who inspired my passion for the ocean and has always  
been encouraging and supportive  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ACKNOWLEDGMENTS  
 
This research was funded by the U.S. Geological Survey’s Coastal and Marine Geology 
Program. We would like to thank the U.S. Geological Survey for providing the data and 
resources to successfully complete this research. We also thank Dr. David Jones for the use of 
his MATLAB toolbox, advice, and expertise with regard to the statistical analysis and thank Dr. 
Ginger Garrison for her assistance with reviewing the Acropora cervicornis classifications. 
 
i 
 
 
 
 
TABLE OF CONTENTS 
List of Tables ............................................................................................................................. iii 
 
List of Figures ............................................................................................................................ iv 
 
Abstract...................................................................................................................................... vi 
 
Chapter One: Background ......................................................................................................... 1 
Introduction .................................................................................................................... 1 
Species of Interest .......................................................................................................... 4 
Study Site ....................................................................................................................... 5 
 
Chapter Two: Spatial Population Patterns in Density of the Threatened Staghorn 
Coral, Acropora cervicornis, in Response to Underlying Environmental Factors.................... 8 
Study Objectives and Questions ..................................................................................... 8 
Materials and Methods ................................................................................................... 8 
Data Acquisition and Image Classification .......................................................... 8 
Acropora cervicornis Counts and Percent Benthic Habitats………………………..9 
Data Processing ................................................................................................10 
Geo-Rectification of Historical Benthic Habitat Maps .........................................11 
Geo-Rectification and Ground Control Points .............................................. 11 
Geometric Models ............................................................................................. 12 
Root-Mean-Square Error ................................................................................. 12 
Resampling Method .......................................................................................... 13 
1883 Agassiz Map............................................................................................. 14 
1976 Davis map................................................................................................. 15 
Temporal and Spatial Analysis ...........................................................................16 
Non-Parametric Multivariate Analysis of Variance ....................................... 16 
Kernel Density Estimates ................................................................................. 17 
Results ..........................................................................................................................19 
Geo-Rectification of Historical Benthic Habitat Maps .........................................19 
Acropora cervicornis Counts and Percent Benthic Habitat .................................19 
Temporal and Spatial Analysis ...........................................................................20 
Non-Parametric Multivariate Analysis of Variance ....................................... 20 
Kernel Density Estimates ................................................................................. 21 
Discussion .....................................................................................................................21 
Variability in Community Structure within the Dry Tortugas Region ....................21 
Temporal and Spatial Changes in the Acropora cervicornis Population .............23 
Pulaski Shoal ..................................................................................................... 23 
East Key ............................................................................................................. 24 
Loggerhead Key ................................................................................................ 25 
Climatic Variability within the Dry Tortugas Region ............................................25 
Hurricanes and Tropical Storms ..................................................................... 25 
Episodic Cold Water Events ............................................................................ 27 
Conclusions ...................................................................................................................28 
ii 
 
References ....................................................................................................................28 
 
Chapter Three: Spatial Population Patterns in Density of the Threatened Staghorn Coral, 
Acropora cervicornis, in Response to Underlying Enviornmental Patterns………………......48 
Study Objectives and Questions ....................................................................................48 
Materials and Methods ..................................................................................................48 
Data Acquisition and Image Classification .........................................................48 
Acropora cervicornis Counts and Image Reclassification ...................................49 
Sampling Design ................................................................................................50 
Spatial Patterns in the Overall Population Structure and Density .......................51 
Statistical Analysis: Factors Affecting Patterns in Density ..................................52 
Results ..........................................................................................................................54 
Density Patterns: Effect of Water Depth .............................................................54 
Density Patterns: Effect of Suitable Habitat Type ...............................................54 
Density Patterns: Effect of Location ...................................................................55 
Spatial Patterns in Population Structure and Density within each Location ........55 
Discussion .....................................................................................................................56 
Density Patterns: Effect of Water Depth and Suitable Habitat Type ...................56 
Spatial Patterns and the Effect of Location on Density: Pulaski Shoal ................58 
Spatial Population Patterns and the Effect of Location on Density: East Key .....60 
Spatial Patterns and the Effect of Location on Density: Loggerhead Key ...........61 
Other Possible Factors Impacting the Recovery of a Population ........................62 
Summary .......................................................................................................................63 
Conclusions ...................................................................................................................64 
References ....................................................................................................................64 
 
Chapter Four: Overall Conclusions ...........................................................................................86 
Conclusions ...................................................................................................................86 
 
  
iii 
 
 
 
 
 
 
LIST OF TABLES 
 
Table 2.1: Provides the source, scale, coordinate system, and rectification information 
for the maps used in this study. ............................................................................... 33 
Table 2.2: Original and corrected total counts for Acropora cervicornis colony 
abundance.. ............................................................................................................. 33 
Table 2.3:  Benthic habitat composition characterizing each study area .................................... 34 
Table 2.4:  Results of the non-parametric multivariate analysis of variance (NP 
MANOVA) test comparing the location of the A. cervicornis distribution 
between years 1883 and 2009 at Pulaski Shoal ...................................................... 34 
Table 2.5:  Standard deviational ellipse output for each site and year ....................................... 35 
Table 2.6:  Results of the non-parametric permutation based analysis of variance tests 
for differences in the extent of the A. cervicornis distribution between years 
1883 and 2009 at East Key ...................................................................................... 35 
Table 2.7:  Results of the non-parametric multivariate analysis of variance (NP 
MANOVA) comparing the location of the A. cervicornis distribution among 
years at Loggerhead Key ......................................................................................... 35 
Table 3.1:  Original and corrected total counts for A. cervicornis abundance among sites ........ 69 
Table 3.2:  Total images classified as other rubble and A. cervicornis rubble ............................ 69 
Table 3.3:  Three-way non-parametric one way analysis of variance (NP ANOVA) results 
for the effect of hard substrate type (HS), water depth (WD), and location (L) 
on mean density ...................................................................................................... 70 
Table 3.4:  Benthic habitat composition characterizing each study area .................................... 70 
 
  
iv 
 
 
 
 
LIST OF FIGURES 
Figure 1.1. The geographic location of Dry Tortugas National Park and the three 
surveyed areas in this study; Pulaski Shoal, East Key, and Loggerhead Key, 
which are represented by Along Track Reef Imaging System (ATRIS)-derived 
benthic habitat maps .................................................................................................. 7 
Figure 2.1. Benthic habitat map of the Dry Tortugas developed in 1883 by Alexander 
Agassiz .................................................................................................................... 36 
Figure 2.2. Benthic habitat map of the Dry Tortugas in 1976 (Davis 1982) ................................ 37 
Figure 2.3. Acropora cervicornis colonies found on images classified by habitat type. .............. 38 
Figure 2.4. Model created in ArcGIS 10.1 in order to process and extract the raster data 
contained within the historical maps (Fig.2.1, 2.2).................................................... 39 
Figure 2.5. Extracted raster data from the model created in Figure (2.3), which was then 
converted to vector data (polygons) and finally to point data .................................... 40  
Figure 2.6. Process involved in using the standard deviational ellipse tool in ArcGIS ................ 41  
Figure 2.7A. Standard deviational ellipse representing the directional trend, shape and, 
size of the Acropora cervicornis distribution between years 1883 and 2009 
at Pulaski Shoal .................................................................................................... 42  
Figure 2.7B. Standard deviational ellipse representing the directional trend, shape and, 
size of the Acropora cervicornis distribution between years 1883 and 2009 
at East Key ........................................................................................................... 43  
Figure 2.7C. Standard deviational ellipse representing the directional trend, shape and, 
size of the distribution of Acropora cervicornis among years 1883, 1976, 
and 2011 at Loggerhead Key ................................................................................ 44  
Figure 2.8A. Kernel density plot of the high density areas (50% core use) of the 
Acropora cervicornis population between years 1883 and 2009 at Pulaski 
Shoal .................................................................................................................... 45  
Figure 2.8B. Kernel density plot of the high density areas (50% core use) of the 
Acropora cervicornis population between years 1883 and 2009 at East Key ........ 46  
v 
 
Figure 2.8C. Kernel density plot of the high density areas (50% core use area) of the 
Acropora cervicornis population among years 1883, 1976, and 2011 at 
Loggerhead Key ................................................................................................... 47 
Figure 3.1A. Locations of Acropora cervicornis colonies (blue circles) and rubble (red 
squares) along the ATRIS tracklines at Pulaski Shoal ......................................... 71  
Figure 3.1B. Locations of Acropora cervicornis colonies (blue circles) and rubble (red   
 squares) along the ATRIS tracklines at East Key .................................................. 72 
 
Figure 3.1C. Locations of Acropora cervicornis colonies (blue circles) and rubble (red  
 squares) along the ATRIS tracklines at Loggerhead Key ...................................... 73  
 
Figure 3.2. Acropora cervicornis colonies found on images classified by habitat type ............... 74   
Figure 3.3. (Map A and B) Spatial distribution and variation in Acropora cervicornis 
density (colored circles of different sizes) at Pulaski Shoal ...................................... 75 
Figure 3.4. (Map A and B) Spatial distribution and variation in Acropra cervicornis 
density (colored circles of different sizes) at East Key ............................................. 77 
Figure 3.5. (Map A and B) Spatial distribution and variation in Acropora cervicornis 
density (colored circles of different sizes) at Loggerhead Key .................................. 79  
Figure 3.6A. Percent occurrence of each suitable habitat within shallow versus deep 
depth ranges. ...................................................................................................... 81 
Figure 3.6B.  Percentage of each suitable habitat within shallow versus deep  
  depth ranges upon which A. cervicornis occurs ................................................... 82  
 
Figure 3.7A. Mean density (# colonies/m2) of Acropora cervicornis colonies between  
  shallow (~1-9 m) and deep (~9-19 m) depth ranges (+/- 1 SE) ............................. 83  
 
Figure 3.7B. Mean density (# colonies/m2) of Acropora cervicornis colonies among three 
different habitat types (+/- 1 SE) ........................................................................... 84  
Figure 3.7C. Mean density (# colonies/m2) of Acropora cervicornis colonies among three  
  different locations (+/- 1 SE) ................................................................................. 85 
 
vi 
 
 
 
 
 
 
 
ABSTRACT 
 
 
Acropora cervicornis was once one of the dominant reef building corals of the 
Caribbean, Florida Keys, and Dry Tortugas (DRTO), but since the 1970’s populations have 
been decimated throughout their geographic range. Recently, a repopulation was documented 
through detailed benthic surveys conducted by the U.S. Geological Survey at three locations 
(Pulaski Shoal, East Key, and Loggerhead Key) within DRTO. Benthic surveys using the U.S 
Geological Survey’s Along-Track Reef Imaging System (ATRIS) revealed hundreds of 
previously undocumented colonies.  
These discoveries have provided a unique data-set, allowing a comparison between the 
historical (1883, 1976) and contemporary distributions (2009, 2011) of A. cervicornis. Kernel 
density estimates were used to analyze shifts in high density areas and non-parametric 
multivariate analysis of variance tests were used to analyze differences between years in 
location and extent of the distribution. The results from the KDEs indicated high density areas 
have shifted among year’s at all three study areas. The comparison of the location and extent of 
the historical and modern A. cervicornis distributions revealed similarities and differences 
among years that varied among the study areas. This information is important to the 
management of this species because it provides vital information on the extent and location of 
the current distribution relative to historical levels. This study also provides documentation of the 
population dynamics and ecosystem changes over large time scales within the DRTO region.   
The above mentioned dataset was also used in a second study to quantify 1) variations 
in density among factors such as location (study area), suitable habitat type, and water depth, 2) 
overall spatial population patterns, and 3) spatial patterns in A. cervicornis density. Results 
vii 
 
indicated population structure was significantly clustered (P = 0.001) at Pulaski Shoal and 
Loggerhead Key with areas containing hotspots or significantly higher density (P < 0.05). 
Although significant hotspots existed, density did not significantly differ among suitable habitat 
types. Compared to all other factors, water depth had the largest effect on the variation in mean 
density of A. cervicornis. These findings are vital to understanding the recovery of this species 
in terms of current habitat and depth associations.  
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CHAPTER ONE: 
BACKGROUND 
 
 
INTRODUCTION 
 
The Acropora species, staghorn [Acropora cervicornis (Lamarck, 1816)] and elkhorn 
[Acropora palmata (Lamarck, 1816)], were once the dominant reef-building corals of the 
Caribbean, Florida Keys, and the Dry Tortugas (DRTO) regions. However, since  the 1970’s, 
populations of these historically dominant corals have been decimated throughout their 
geographic range (Aronson & Precht 2001, Greer et al. 2009) and are currently listed as 
threatened under the Endangered Species Act (50 CFR 402, codified at U.S.C. §1531 et seq).  
Prior to the 1970’s, the coral reefs of these regions were characterized by a classic reef-
zonation pattern comprising A. palmata, A. cervicornis, and the Orbicella annularis species 
complex (Precht & Miller 2007, Montaggioni & Braithwaite 2009). The dramatic decline in 
Acropora species has shifted the community structure of the Caribbean ecosystem to a state 
dominated by macroalgae and weedier corals such as Porites spp. and Agaricia spp. 
(Greenstein et al. 1998, Aronson & Precht 2001, Aronson et al. 2004). Studies on Holocene 
geologic reconstructions of reef communities have indicated that the recent large scale 
disappearance of the Acropora species is an unprecedented event within the Caribbean region 
(Aronson & Precht 1997, Aronson & Precht 2001, Greer et al. 2009). In particular, Greer et al. 
(2009) noted the ability of A. cervicornis to thrive despite the natural stressors and 
environmental variability that occurred in the Holocene, suggesting that the present decline may 
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be related to anthropogenic stressors. Other studies have suggested the synergistic effects of 
natural and anthropogenic stressors, such as disease, hurricanes, episodic cold events, 
predation, bleaching, sedimentation, and algae overgrowth as causes of the population decline 
(Hughes & Connell 1999, Aronson et al. 2003).  
Comparatively, geologic reconstructions of reef communities within the Florida Keys 
have shown that the demise of the Acropora species is not without precedent, indicating the 
existence of regional differences in populations (Precht & Miller 2007). Disturbance events have 
been shown to cause shifts in community structure away from Acropora species dominance 
within the Florida Keys throughout geologic time, a likely result of the Florida Reef Tract being at 
the northern limit of coral reef growth in the western Atlantic (Precht & Miller 2007). The coral 
community structure of the Florida Keys is undergoing a phase-shift and has become 
increasingly dominated by octocorals and macroalgae, coinciding with the loss of stony corals 
such as the acroporids (Maliao et al. 2008, Somerfield et al. 2008, Ruzicka et al. 2010, Ruzicka 
et al. 2013). 
Historically, spatially-extensive, monotypic stands of A. cervicornis thrived in the DRTO 
region and were documented by mapping studies in 1883 and 1976 (Agassiz 1883, Davis 
1982). Acropora cervicornis populations are known to vary as a result of episodic natural 
disturbances at local scales (Davis 1982, Porter et al. 1982) and have varied spatially over large 
time scales within DRTO (Agassiz 1883, Davis 1982). Because the DRTO region is located near 
the northern limit of this coral’s geographic range, populations are more prone to thermal cold 
snaps (Mayer 1914, Precht & Aronson 2004), which can cause mortality depending on both the 
duration and severity of the fluctuation (Mayer 1914). Davis (1982) and Porter et al. (1982) 
documented a mass mortality of 96% of the 1976 surveyed population, which resulted from an 
extreme cold event in the winter of 1976-1977. This cold-event lasted 8 days and was 
characterized by water temperatures of approximately 12º C, which is less than the minimum 
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(14º C) required for coral survival (Davis 1982, Porter et al. 1982, Roberts et al. 1982). The 
surviving A. cervicornis colonies were scattered and limited to random branches within 
previously extensive thickets (GE Davis personal communication 2013).  
Recent benthic habitat assessments of coral have revealed what appears to be a post-
1977 recovery of A. cervicornis within the DRTO region (Wheaton et al. 2007, Ruzicka et al. 
2010, Jeffery et al. 2012, Lidz & Zawada 2013). Most studies have monitored the health and 
growth of colonies, but have not documented abundances over an extensive area. For example, 
since 1999, the Florida Fish and Wildlife Research Institute’s (FWRI) Coral Reef Monitoring 
Program (CREMP) has established three monitoring sites in the Dry Tortugas for the 
assessment of coral communities, specifically stony coral populations such as the acroporids. 
These sites are located at Bird Key Reef, Black Coral Rock, and White Shoal, each consisting 
of four 10 m long x 1 m wide transects (Ruzicka et al. 2010).  
However, in 2009 and 2011, fine scale benthic surveys conducted by the U.S Geological 
Survey documented the distribution and abundance of the A. cervicornis populations within 
DRTO over a much larger geographic area, covering 0.326 km2. These surveys were conducted 
using a USGS developed camera system, the Along-Track Reef Imaging System (ATRIS), 
which has the capability of rapidly acquiring geo-located, color, digital images over large areas 
of the seafloor at a fine scale resolution. These surveys provided data used in both sections of 
this thesis. The ATRIS-derived A. cervicornis data and the 1883 and 1976 habitat maps form 
the basis of study one, which compares historical and contemporary populations of A. 
cervicornis over large time scales. This study analyzes changes in not only the location and 
extent of the A. cervicornis population distribution, but in high density areas as well.  
 In contrast, study two conducts an ecological assessment using the ATRIS-derived A. 
cervicornis data to understand the current habitat and depth associations of the A. cervicornis 
repopulation within DRTO.  The successful recovery of this species along the Florida Reef Tract 
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depends on a multitude of factors. In particular, the existence of suitable habitat (depth and 
substrate) has been indicated as vital to the settlement, recruitment, and survival of coral larvae 
as well as to the attachment of asexual fragments (National Marine Fisheries Service 2015). 
Wirt et al. (2015) has estimated potential habitat for the possible re-establishment of this 
species and has mapped reef and hardbottom habitat within the Dry Tortugas as being suitable. 
However, Wirt et al. (2015) estimated potential habitat at a broad scale resolution and, while the 
total sample size for the Florida region was large (# colonies = 3,832), only a small percentage 
of these observations occurred within DRTO. Comparatively, this study is the first to analyze 
how environmental factors such as percent suitable habitat type and water depth influence the 
variation in A. cervicornis density within DRTO at a fine scale resolution (approx. 0.88 m2). The 
goals of this study were to quantify total abundance, density (# colonies/m2), average water 
depth, and % benthic habitat type within three different locations (Pulaski Shoal, East Key, and 
Loggerhead Key) within DRTO. 
 
SPECIES OF INTEREST 
 
Acropora cervicornis is considered a fast growing, scleractinian coral commonly 
associated with the fore-reef zone and the 3-30 m depth range (Glynn 1973, Jaap 1984, 
Aronson et al. 2005). Region wide, white-band disease has been the major cause of mortality 
for this coral since the 1980’s (Aronson & Precht 2001). However, stressors such as hurricanes, 
bleaching, and extreme temperature fluctuations have caused populations to decline at the local 
scale in areas such as the DRTO region (Precht & Miller 2007). Although this coral can 
reproduce sexually, it is typically found in monotypic stands, a result of asexual reproduction 
through fragmentation (Gilmore & Hall 1976, Tunnicliffe 1981). Acropora cervicornis is easily 
broken and toppled by high wave energy; however it is abundant in areas with relatively high 
water turbulence despite the fragility of its structure (Tunnicliffe 1981). Its ability to re-anchor 
itself and regrow rapidly makes this species competitive in such an environment (Gilmore & Hall 
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1976, Tunnicliffe 1981). These life history characteristics allow for rapid population recovery 
from physical disturbances such as hurricanes and tropical storms (Shinn 1966, Tunnicliffe 
1981, Gardner et al. 2005). However, recovery has been slow and studies have suggested 
these life history characteristics may no longer be viable in an environment faced with the 
synergistic effects of both natural disturbances and stressors related to climate change and 
increased prevalence of disease (Ritson-Williams et al. 2009).  
 
STUDY SITE 
 
DRTO is an atoll-like reef system, located 70 miles west of Key West, Florida in the Gulf 
of Mexico (Fig. 1.1). Its remote location minimizes exposure to the intense anthropogenic 
impacts affecting the Florida Keys ecosystem (Jeffery et al. 2012). The region experiences very 
little variation in salinity and water temperature with the exception of seasonal effects, but is 
subjected to frequent, high intensity hurricanes as well as winter and tropical storms (Wheaton 
et al. 2007, Ruzicka et al.2010). The DRTO is 27 km in length, 12 km wide, and situated in a 
northeast- southwest orientation (Fig.1.1, Stoddard & Fosberg 1981).  
Large shallow shoals (Pulaski, Loggerhead, and Long Key/Bush Key shoals) border the 
outer edge of the park, separated by deep water channels between 10 to 20 m in depth 
(Fig.1.1). The larger shoals surround a 2 to 33 m deep lagoon that encompasses patch reefs 
and smaller shoals. The islands and reefs in the region formed upon what is known as the Dry 
Tortugas Bank, a large, shallow, karst-limestone formation (Mallinson et al. 2003). This study 
focused on three locations within DRTO, which exist at the eastern (Pulaski Shoal and East 
Key) and western boundaries (Loggerhead Key) of DRTO with depths ranging from 2.6 m to 
23.6 m. Although the tidal range in the Dry Tortugas is small (Stoddard & Fosberg 1981), strong 
tidal-flow currents, influenced by the width of the channels and the tidal flows coming from the  
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Florida Keys, creates varying flow conditions throughout the area. These tidal currents enter 
through the constricted Southeast and Southwest Channels and exit through the Northwest 
Channel (Fig. 1.1).   
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Figure 1.1 The geographic location of Dry Tortugas National Park and the three surveyed 
areas in this study; Pulaski Shoal, East Key, and Loggerhead Key, which are represented 
by Along Track Reef Imaging System (ATRIS)-derived benthic habitat maps. The benthic 
habitat maps are overlaid onto a bathymetric map, which was created using side-scan and 
SWATH interferometric sonar data (Stanley D. Locker, unpublished data). The bathymetric 
map illustrates the depth gradient in meters within DRTO from shallow (light grey) to deep 
(dark grey). The habitat maps were provided by the U.S. Geological Survey.  
Loggerhead Key 
Pulaski Shoal 
East Key 
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CHAPTER TWO: 
Comparison of Changes in the Spatial Patterns of the Acropora cervicornis Population 
within Dry Tortugas National Park over Century Time Scales 
 
 
STUDY OBJECTIVES AND QUESTIONS  
 
1. Are the location and extent of the current A. cervicornis population distribution similar to 
that of the historical population distribution within each study area (Pulaski Shoal, East 
Key, and Loggerhead Key)?   
 
2. Have the high density areas of the A. cervicornis population shifted between years within 
each study area?  
 
3. What factors may have influenced the changes in the location and extent of the 
distribution and in the high density areas of the A. cervicornis population? 
 
 
MATERIALS AND METHODS 
 
Data Acquisition and Image Classification  
 
This study used both historically mapped data and modern data to conduct a 
retrospective spatial and temporal analysis of the changes in the extent and location of the A. 
cervicornis distribution among years 1883, 1976, 2009, and 2011. The historical data were 
acquired from 1883 and 1976 maps depicting benthic habitat distribution within the DRTO 
region (Agassiz 1883, Davis 1982, Fig. 2.1, 2.2). The modern data were acquired with the 
USGS Along-Track Reef Imaging System (ATRIS) as part of previous studies conducted by 
Hart et al. (2010, 2013, and 2014) and Lidz & Zawada (2013). ATRIS is an image acquisition 
technology, which has the capability of rapidly collecting geo-located, color, digital images of the 
seafloor. It was deployed at two locations in 2009 (Pulaski Shoal, East Key) and one location in 
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2011(Loggerhead Key), covering total areas of 0.17 km2, 0.036 km2, and 0.119 km2 for the three 
study areas respectively. The data were originally collected to study the behavior and use of 
benthic habitats by loggerhead Caretta caretta (Hart et al. 2010, Hart et al. 2014) and green 
Chelonia mydas (Hart et al. 2013) sea turtles during their inter-nesting periods, i.e., the time 
spent off the nesting beaches between clutch-laying events. Additionally, Lidz & Zawada (2013) 
used the ATRIS data to document the possible recovery of A. cervicornis at Pulaski Shoal. 
Lidz & Zawada (2013) viewed and classified images using a software program 
developed by the U.S. Geological Survey called the ATRIS Data Analysis and Processing Tool 
(ADAPT). They examined a total of 512,744 ATRIS images to identify, count, and measure A. 
cervicornis colonies. Additionally, these authors classified every 5th image into one of five 
benthic habitat types including senile reef, seagrass, sand, rubble, and unclassifiable. 
Descriptions of each habitat type are described in Lidz & Zawada (2013). These habitat 
classifications were based on a visual estimate of the dominate habitat type (> 50%) in the 
image. Habitat classifications and aerial imagery were then used in conjunction to produce 
benthic habitat maps of the three surveyed regions used in this study. Further details of the 
2009 and 2011 data collection are provided in Lidz & Zawada (2013) and Hart et al. (2014) 
respectively. 
Acropora cervicornis Counts and Percent Benthic Habitat 
 
Upon reviewing the work of Lidz & Zawada (2013), errors were discovered in the A. 
cervicornis count data, resulting from a misclassification of fire coral (Millepora alcicornis and M. 
complanata) as A. cervicornis. To resolve these errors, the images where A. cervicornis 
colonies were identified and counted were reviewed to obtain a corrected total count. 
Additionally, percentages were quantified for each benthic habitat type (senile reef, rubble, 
sand, seagrass, and unclassifiable) in order to characterize composition at Pulaski Shoal, East 
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Key, and Loggerhead Key. Percent of each habitat type was computed using ArcGIS 10.1 and 
the areal coverage from the ATRIS-derived benthic habitat maps.  
% ℎ 	
 = 
 

  	
  ℎ 	
 
 

 ℎ ℎ
 
  
Acropora cervicornis has been observed to naturally occur on a variety of different 
habitat types including spur and groove reef, bank reef, patch reef, hardbottom, and other 
transitional reef habitats (Gilmore & Hall 1976, Jaap 1984). In this study benthic habitat that was 
considered suitable included senile reef and rubble and was based on the number of colonies 
occurring on these habitat types (Fig. 2.3). Senile reef was a term defined by Shinn et al. (1977) 
and is commonly referred to as hardbottom in other benthic habitat mapping studies (Waara 
2011). 
Data Processing  
The ability to conduct the historical comparison required extraction of the A. cervicornis 
population features from the 1883 and 1976 benthic habitat maps. The extraction process 
involved geo-rectification of the maps and consistent RGB values for the features of interest. 
Prior to geo-rectification, the benthic habitat maps were manually processed in Photoshop to 
create consistent RGB values for the mapped A. cervicornis populations. Geo-rectification of 
both maps was then conducted using ERDAS Imagine 2013.  Following geo-rectification, a 
model was developed in ArcGIS 10.1 to extract each R,G, and B band using the specified color 
values (Fig. 2.4). The extracted A. cervicornis features were then converted from raster (pixels) 
to vector (polygons) format (Fig. 2.5). The centroid of each A. cervicornis polygon was 
computed to extract the necessary geographic data to analyze any differences that may exist 
between the historical and modern A. cervicornis population distributions in terms of extent and 
location.  
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Geo-Rectification of Historical Benthic Habitat Maps 
Geo-Rectification and Ground Control Points 
 
Geo-rectification is a process that involves assigning projection and coordinate 
information to an image. The geo-rectification of two images (image-to-image registration) 
involves a pixel-to-pixel alignment of a satellite, aerial or other raster image (source) with a 
image of the same area (reference). This process involves arranging ground-control points 
(GCPs), choosing a geometric model, minimizing the total root-mean-square error (RMSE), and 
lastly, choosing a resampling method. Maps being used should be at the highest resolution in 
order to minimize error and loss of detail.  The reference image should already have spheroid, 
datum, and projection information that is appropriate for the purpose and location of the map to 
minimize distortion in the area of interest.  Spheroid information is obtained from the Geodetic 
Reference System (GRS), which consists of a global reference ellipsoid and gravity field model.  
The datum defines an appropriate coordinate system and the projection transforms those 
coordinates onto a planar surface.  
Ground-control points consist of two (X, Y) pairs of coordinates, and represent specific 
pixels in an image. The GCP or pixels in the source image are then matched with corresponding 
pixels in the reference image, creating both source GCPs and reference GCPs respectively. 
The ERDAS software has the capability to automatically place reference GCPs after the first 
three source GCPs are chosen. The first three GCPs anchor the source image to the reference 
image, allowing the software to approximate the location of the reference GCP based on the 
placement of the source GCP. The first three source GCPs should be evenly distributed across 
the image using the available stable features or other similar features, which are common to 
both the source and reference image. Additional GCPs should be selected as needed and 
placed to create an evenly distributed array of points.  Stable features common to both images 
are ideal to produce an accurate rectification; however, other distinct features can be used in 
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where stable features are limited within certain mapped areas. Ultimately, the use of stable 
features and an evenly distributed array of points increase image rectification accuracy.  
Geometric Models 
 
Numerous geometric models can perform a transformation on the GCPs, but the most 
common are polynomials. This type of model uses complex polynomial equations to fit a curve 
to chosen GCPs in order to align the source image GCPs with those in the reference image. 
The most common polynomials used are linear and non-linear transformations (1st and 2nd order 
polynomials). It is best to use the least complex transformation possible; however, more 
complex models may be required, depending on the distortion in the imagery, the number of 
GCPs used, how well the GCPs fit the curve of the polynomial equation, and their locations 
relative to one another (ERDAS Inc. 1997). 
Root-Mean-Square Error 
 
The accuracy of the transformation, which aligns the source and reference GCPs, is 
determined by the root-mean-square error (RMSE). A total RMSE and an RMSE for each GCP 
are computed to verify the accuracy of the geo-rectification process. An RMSE for each GCP is 
computed as the pixel distance between the location of a GCP on the source image and the 
retransformed location for the same GCP (residual) using the distance equation below.  
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The calculated residuals between the source and retransformed GCP are computed to 
determine the accuracy of GCPs in the X and Y direction and the location for placement of 
additional GCPs (ERDAS Inc. 1997).The calculated RMSE for each GCP is also used to 
improve overall accuracy through the elimination of GCPs containing the highest RMSEs. The 
contribution of the each GCPs RMSE to the overall RMSE is calculated for GCP elimination 
purposes as well. Contribution is calculated with the equation below. 
Xi and Yi = location of source GCP 
Xr and Yr = location of retransformed GCP 
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Total RMSE quantifies the overall error in the data values of the source image after the 
transformation process, which is discussed in the previous section. The placement of a 
sufficient number of GCPs is determined by minimizing the total RMSE. RMSE of one means 
the data values within the image have an error equal to one pixel. The calculated residuals are 
also used to quantify the total RMSE using the equations below.  
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An acceptable total RMSE (sum of RMSEs for all GCPs) depends on the type of data 
being used, image area, distortion, and accuracy of individual GCPs (ERDAS Inc. 1997). 
According to ERDAS professionals, an acceptable RMSE is generally less than one. 
Quantification of this error is especially important when rectifying historical maps because of the 
inherent error within the data due to the limitations in mapping technology. While the 
quantification of the RMSE does not resolve the questions of inherent accuracy within the 
benthic habitat map, it does provide an estimate of accuracy for the geo-rectification process.  
Resampling Method 
 
The rectification process also involves choosing an appropriate resampling method. 
Because the pixel values of the source image rarely match that of the reference image, 
resampling is necessary to compute new pixel values for the source image based on pixel 
values in the reference image (ERDAS Inc. 1997). Resampling methods include nearest 
Rx= X RMS error 
Ry= Y RMS error 
T= total RMS error 
n= the number of GCPs 
i= GCP number 
XRi= the X residual for GCPi 
YRi= the Y residual for GCPi 
Ei= error contribution of GCPi 
Ri= the RMS error for GCPi 
T = total RMS error 
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neighbor, bilinear interpolation, and cubic convolution. The use of a particular method is 
dependent on its associated advantages and disadvantages, and the type of data being 
resampled.  
The maps being geo-rectified in this study consist of qualitative data (categorical) 
depicting the spatial distribution of benthic habitat types. Data that delineates the areal extent of 
habitat types should be resampled using methods that maximize the preservation of detail. Both 
bilinear interpolation and cubic convolution resample the data by averaging pixel values, which 
results in a smoothing effect and loss of detail. The use of these resample tests would not be 
conducive for benthic habitat data the delineation between habitat types would no longer be 
distinct (ERDAS Inc. 1997). In this case, nearest-neighbor resampling is best suited because it 
better preserves the original pixel values of the data.  
1883 Agassiz Map 
The 1883 benthic habitat map of the Dry Tortugas was rectified to an 1879 bathymetry 
map using ERDAS Imagine 2013. A rectified version of the 1879 bathymetry map was provided 
by Tim Smith of the National Park Service, which already contained the appropriate geographic 
information (Table 2.1). This map contained a spheroid, datum, and projection of GRS 1980, 
North American Datum (NAD) 1983, and Universal Transverse Mercator (UTM) zone 17 
respectively.  
The use of the 1879 bathymetry chart was based on its shared characteristics with the 
1883 Agassiz map. Both maps have a scale of 1:40,000 and depict mapped features at similar 
points in time. Stable features (Fort Jefferson and Loggerhead Key Lighthouse) for GCP 
placement were limited within DRTO. Two GCPs were placed on the northeast corner and 
southwest corner of Fort Jefferson. GCPs were also placed on the Loggerhead Key Lighthouse; 
however, removal was required due to their individually high RMSEs. Aside from the Fort 
Jefferson anchor points, additional GCPs were strategically chosen using the original coordinate 
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system grid that existed on both the 1879 bathymetry map and the Agassiz map. A 2nd order-
polynomial model was used because of the non-linear offset observed, where some areas co-
registered well and other areas did not.  Because the 1883 Agassiz map represents categorical 
benthic habitat data, the utilization of the nearest-neighbor resampling technique was most 
appropriate. The rectified 1883 Agassiz map was overlaid onto the 1879 bathymetry map and a 
2011 Quickbird satellite image to qualitatively check alignment using ArcGIS 10.1.  
1976 Davis map 
The original 1976 benthic habitat map, produced by the National Park Service, was 
developed using color aerial imagery overlaid onto a paper copy of a 1975 NOAA Dry Tortugas 
bathymetry chart (Davis 1982). The aerial imagery was ground-truthed via 295 dive surveys 
from 1971-1976 at 20 locations within DRTO. The original 1976 benthic habitat map and 1975 
bathymetry chart have dimensions of 36” x 30” and a nominal scale of 1:30,000. These two 
images were aligned using features such as Fort Jefferson and the Lighthouse on Loggerhead 
Key as anchor points (Davis 1982). The U.S. Geological Survey retrieved a paper copy of the 
original 1976 benthic habitat map, which was scanned at 400 dpi. It was then geo-rectified to 
the same 1975 bathymetry chart of the Dry Tortugas used by Davis (1982) using ERDAS 
Imagine 2013. The 1975 bathymetry map was retrieved from the NOAA Historical Map and 
Chart Collection and was rectified to a geo-referenced grid provided by FWRI (Table 2.1). 
GCPs for the 1975 bathymetry chart rectification were strategically chosen using its 
original coordinate-system grid to align it with the coordinate-system grid provided by FWRI. 
The 1976 map was rectified to the 1975 bathymetry map through control points on respective 
coordinate system grids, the center of Fort Jefferson, and Bush Key, as well as the top corner of 
Loggerhead Key.  GCPs placed on the Loggerhead Key Lighthouse were removed due to their 
individual resulting high RMSE’s. A 1st order polynomial and nearest neighbor resampling 
method was used for both the 1975 bathymetry map and 1976 benthic habitat map geo-
16 
 
rectification (Table 2.1). An appropriate spheroid, datum, and projection were determined based 
on the geographic location of the DRTO region. The rectified 1976 Davis map was overlaid onto 
the 1975 bathymetry map, 1883 Agassiz map, and 2011 Quickbird satellite image to 
qualitatively check alignment using ArcGIS 10.1. The same spheroid (GRS 1980), datum (NAD 
1983), and projection (UTM zone 17) information used in the geo-rectification of the 1883 
Agassiz map were applied to the geo-rectification of 1976 Davis map.  
Temporal and Spatial Analysis 
Non-Parametric Multivariate Analysis of Variance 
 
Traditional parametric analysis of variance tests could not be performed because the 
data exhibited significant non-normality (Lilliefors test P < 0.05) that was not alleviated by 
transformation. Instead, a permutation based non-parametric multivariate analysis of variance 
(NP MANOVA) was used, which produces the same F-ratio (Fisher’s test statistic) as the 
parametric version. However, the P-value is derived through permutation methods, which 
involves the random shuffling of the data, allowing the test to be free from the assumption of 
normality (Anderson 2001A, B).  This method has been applied in numerous ecological studies 
analyzing abundance and community composition (Elsdon & Gillanders 2004, Claudet et al. 
2006, Sandin et al. 2008), which is appropriate because ecological data rarely meets the 
assumptions of parametric methods (Anderson 2001A).  
A non-parametric version of the Levene’s test was used to test for differences in the 
extent of the geographic distribution of the A. cervicornis population among years at each 
location (Pulaski Shoal, East Key, Loggerhead Key). This test was performed on the calculated 
residuals of the UTM x- and y-coordinate data for individual colonies using three separate 
permutation based (perm = 1000) NP MANOVA tests at α = 0.05 (Anderson 2006). Residuals 
were computed as the distance between each observation and its group (level) mean using the 
Euclidian distance metric, which is appropriate for univariate datasets (Legendre & Legendre 
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1998). These NP MANOVAs tested the null hypotheses of Ho: no significant differences in the 
extent of the geographic distribution of the A. cervicornis population among years.  Additionally, 
three NP MANOVAs (perm = 1000) were also used to test for differences in the location of the 
geographic distribution of the A. cervicornis population among years within each study location. 
These tests were performed on the UTM x- and y- coordinate data for individual colonies at α = 
0.05 (Anderson 2006). These NP MANOVAs tested the null hypotheses of Ho: no significant 
differences in the location of the geographic distribution of the A. cervicornis population among 
years.  If significant differences were detected among years with more than two levels, the NP 
MANOVA was followed by a posteriori multiple pair-wise comparison tests (Anderson 2001A). 
Analyses were conducted in MATLAB R2012b using functions from the Fathom Toolbox (Jones 
2014).  
The results from the analysis of variance tests were visualized using mapping 
distribution tools in ArcGIS 10.1 such as the mean center (location of the distribution) and 
standard deviational ellipse (extent of the distribution). Standard deviational ellipses measure 
the trend in a point distribution through the calculation of the standard distance in the x - and y-
directions (Fig. 2.6). The standard distance is calculated as the distance of each individual point 
from the mean center of the distribution, which ultimately defines the axes of the ellipse. These 
ellipses capture the shape and orientation of the spatial distribution of a population or point 
pattern using parameters such as the maximum/minimum spread (major and minor axis) and 
angle of rotation (Fig. 2.6). The orientation of the distribution is determined through the 
measurement of the long axis in a clockwise direction from noon. Shifts in the extent and 
location of a population distribution can also be visualized from these tools.  
Kernel Density Estimates 
 
Kernel Density is a non-parametric method used to identify high and low density areas 
based on the distribution and analysis of point patterns (Silverman 1986, Worton 1989). This 
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method is common in ecological studies analyzing habitat use in both terrestrial and marine 
mobile organisms, and identifies disproportionately heavy use of a particular area (Worton 1989, 
Hauser et al. 2007, Sveegaard et al. 2011). A fixed-kernel density-estimation (KDE) analysis 
was conducted for the historical and modern A. cervicornis populations at Pulaski Shoal, East 
Key, and Loggerhead Key to quantify any shifts that may have occurred in high density areas 
among years. The KDEs were performed using x- and y- coordinate location data of individual 
points, which were weighted by its associated colony count (modern) or areal coverage data 
(historical). The Geospatial Modelling Environment (GME 0.7.2.1 RC2) was used to perform the 
KDE analyses, which is a stand-alone program that links ArcGIS 10.1 and the open-source 
statistical software R. 
Accurate KDE analysis requires the determination of an optimal bandwidth, which is a 
parameter used to estimate a probability density surface or utilization distribution from an 
existing point pattern (Seaman & Powell 1996, Silverman 1986).  It is important to determine the 
appropriate method for estimation of the bandwidth, which depends on sample size and 
characteristics of the distribution. Although the least-squares cross-validation (LSCV) parameter 
for bandwidth estimation is more commonly used (Worton 1989, Seaman & Powell 1996), 
problems with this particular method have been discussed in terms of its high variability and 
accuracy as an estimator (Hemson et al. 2005). It has been argued that LSCV does not 
accurately estimate the density distribution of a point pattern, particularly when sample sizes are 
small (Seaman et al. 1999, Girard et al. 2002), when autocorrelation is present (Solla et al. 
1999), or when the point distribution is linear and contains a large amount of empty space 
(Hemson et al. 2005). Because our study contained small sample sizes, a fixed-kernel, 
smoothed, cross-validation method was used, which predicts the optimal bandwidth from pre-
smoothed data and minimizes the variability inherent in LSCV (Bowman 1984, Seaman & 
Powell 1996).  
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RESULTS 
Geo-Rectification of Historical Benthic Habitat Maps 
The overall RMSE for the geo-rectification of the 1883 Agassiz map was 0.0191 pixels, 
resulting in a highly accurate rectification (Table 2.1). The rectification of the 1883 map required 
22 GCPs and has spheroid, datum, and projection information of GRS 1980, NAD 1983, and 
UTM, zone 17. The geo-rectification of both the 1975 bathymetry map and 1976 benthic habitat 
map was highly accurate, resulting RMSEs being 0.00 pixels and 0.0182 pixels respectively 
(Table 2.1). A smaller number of GCPs was required for the rectification of both the 1976 Davis 
map (# GCPs = 15) and 1975 bathymetry map (# GCPs = 10) compared to the rectification of 
the 1883 Agassiz map. Both rectified maps have spheroid, datum, and projection information of 
GRS 1980, NAD 1983, and UTM zone 17.  
 
Acropora cervicornis Counts and Percent Benthic Habitat 
  
Corrected total counts revealed a 35% error in the classification of A. cervicornis at 
Pulaski Shoal. Additionally, there was a 58% and a 1% error in the classification of A. 
cervicornis at East Key and Loggerhead Key respectively. Corrected total counts still indicate 
abundance of A.cervicornis colonies was highest at Pulaski Shoal compared to East Key and 
Loggerhead Key (Table 2.2). The total number of A. cervicornis colonies occurring on senile 
reef was higher than on rubble benthic habitat (Fig. 2.3) 
Quantification of percent habitat type revealed benthic habitat composition at Pulaski 
Shoal was dominated by senile reef and consisted of 54% suitable habitat (Table 2.3). 
Comparatively, benthic habitat composition at East Key was dominated by sand and consisted 
of 34% suitable habitat (Table 2.3). The percentage of rubble and seagrass at East Key were 
similar, comprising 26% of the benthic habitat. Benthic habitat composition at Loggerhead Key 
was also dominated by sand (Table 2.3). Compared to Pulaski Shoal and East Key, Loggerhead 
Key contained the lowest percentage (30%) of suitable habitat. However, the suitable habitat at 
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both Pulaski Shoal and Loggerhead Key was comprised mostly of senile reef compared to East 
Key, which was comprised of mostly rubble.  
 
Temporal and Spatial Analysis 
 
Non-Parametric Multivariate Analysis of Variance 
 
The extent of the A. cervicornis distribution at Pulaski Shoal did not significantly differ 
between years (F = 1.41, P = 0.242), but significant differences between years did exist in terms 
of the location (Table 2.4). A noticeable shift to the northeast can be seen in the location of the 
2009 distribution compared to the location of the 1883 distribution (Fig. 2.7A). The orientation of 
the historical and modern distributions are similar, having angle of rotations of 112° and 119° 
respectively (Table 2.5).  
The extent of the A. cervicornis distribution at East Key significantly differed between 
years 1883 and 2009 (Table 2.7B). The 2009 distributional extent of colonies was significantly 
smaller in relation to the 1883 distribution with areal coverage of 2.84 x 105 m2 and 8.01 x 105 
m2 respectively (Fig. 2.7B).  Because the NP MANOVA relies on the assumption of 
homogenous distributions, tests could not be performed to determine statistical differences in 
the geographic location of the distribution between years. However, the ellipsoids allowed a 
qualitative assessment of a northwest shift in geographic location between years 1883 and 2009 
(Fig. 2.7B). Additionally, the angle of rotation for the A. cervicornis distribution increased 
between 1883 (64°) and 2009 (85.2°), resulting in a noticeable shift in orientation (Fig. 2.7B, 
Table 2.5).   
The extent of the A. cervicornis distribution at Loggerhead Key did not significantly differ 
among years (F =0.806, P = 0.461). Locations of colonies were significantly different between 
1883 and 1976 as well as 1976 and 2011, but not between 1883 and 2011 (Table 2.7, Fig. 
2.7C). Additionally, the angle of rotation of the A. cervicornis distribution between 1883 (62.9°) 
and 1976 (80.3°) was larger, resulting in a noticeable shift in orientation (Fig. 2.7C, Table 2.5).  
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The angle of rotation of the A. cervicornis distribution between years 1976 (80.3°) and 2011 
(63.2°) decreased, resulting in an orientation similar to the 1883 distribution.  
 
Kernel Density Estimates  
 
KDE plots of Pulaski Shoal indicate a shift in high density areas of A. cervicornis to the 
northeast between years 1883 and 2009. The distributional overlap (3.17%) between high 
density areas is minimal (Fig. 2.8A).  Comparatively, KDE plots of East Key indicate a northwest 
shift in high density areas of A. cervicornis between years 1883 and 2009. Additionally, the 1883 
and 2009 high density areas have no distributional overlap (Fig. 2.8B). KDE plots of Loggerhead 
Key indicate an extensive shift westward in high density areas of A. cervicornis between years 
1883 and 1976 and another shift eastward between years 1976 and 2011 (Fig.2.8C). The 
extensive shifts between 1883 and 1976 as well as 1976 and 2011 resulted in no distributional 
overlap of high density areas. However, the eastward shift in high density areas resulted in a 
distributional overlap (27.7%) between years 1883 and 2009, which is much larger than the 
overlap between those same years at Pulaski Shoal and East Key (Fig. 2.8C).  
DISCUSSION 
 
Variability in Community Structure within the Dry Tortugas Region 
Historical maps have provided evidence of a community structure once dominated by 
monotypic stands of A. cervicornis within the DRTO region. Quantitative and qualitative 
evidence from maps produced in 1883 and 1976 indicate the A. cervicornis population has the 
ability to vary spatially over large time scales without the effects from anthropogenic influences 
(Agassiz 1883, Davis 1982). According to Davis (1982) coverage of seagrass, hardbottom 
habitat, and A. cervicornis remained relatively unchanged between 1883 and 1976. However, 
the 1976 benthic habitat map indicates that the spatial distribution of A. cervicornis varied 
significantly. In 1976, the A. cervicornis population dominated the western portion of DRTO 
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(Loggerhead Key and the areas surrounding Fort Jefferson) and was characterized by extensive 
monotypic thickets.  Comparatively, A. cervicornis populations in 1883 and 2009 contained 
larger abundances at both Pulaski Shoal and East Key, creating a more evenly distributed 
population. Ultimately, it appears the decimation of 96% of the acroporid population by 1976 
resulted in the complete transition to an octocoral-dominated community. Data from these maps 
provided information on the ability of the DRTO ecosystem to spatially vary over large time 
scales in terms of community structure and composition. However, without repetitive monitoring, 
it is impossible to determine a cause for any change in abundance of the population either 
spatially or temporally.  
The repopulation at Pulaski Shoal began circa 1998 and significant growth occurred 
circa 2005 to 2008 according to estimates by Lidz & Zawada (2013). The authors quantified this 
estimate using the size range of the largest colony (start of repopulation) and most abundant 
colonies (occurrence of significant growth) in addition to a growth rate of 10.0 cm/year (Shinn 
1966). If this repopulation continues, it may be evidence for succession or change in the 
community structure of the Dry Tortugas ecosystem through time (Connell & Slatyer 1977). The 
return of the community to one dominated by A. cervicornis will depend on the population’s 
ability to withstand the impact of a combination of anthropogenic and natural stressors such as 
climate change, disease, hurricanes, and extreme temperature fluctuations. Ultimately, the 
probability of long term survival depends on the rate of sexual versus asexual reproduction, 
which determines genetic diversity and resilience of a population (Neigel & Avise 1983). High 
genetic diversity will allow the population to be more resilient to stressors as individual colonies 
will vary in their tolerances (Neigel & Avise 1983). 
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Temporal and Spatial Changes in the Acropora cervicornis Population  
Pulaski Shoal 
The National Oceanic and Atmospheric Administration recently published its recovery 
plan for A. cervicornis and defined suitable habitat as “natural consolidated hard substrate that 
is free from fleshy or turf macroalgal  and sediment cover “.  The requirement of hard substrate 
and space for settlement and attachment of A. cervicornis larvae and fragments (Connell 1973) 
may explain the significant differences in location and the minimal overlap in high density areas 
between years 1883 and 2009. The majority of the 1883 A. cervicornis population existed within 
the inner portion of the shoal compared to the 2009 population, which only exists within the 
outer portion of the shoal.   
Although A. cervicornis was not mapped in 1976 at Pulaski Shoal, Davis (1982) 
indicated the existence of small patches of colonies scattered among the octocoral-dominated 
community. The author also indicated that these observed patches “rarely occurred in large 
enough areas to be mapped at the 1:30,000 scale”. Recently, Lidz & Zawada (2013) 
documented a significantly larger abundance of colonies at Pulaski Shoal compared to the 
abundances documented at East Key and Loggerhead Key. Large colonies (141-250 cm) and 
thickets (Total linear extension: 2252.4 – 4094.8 cm) also exist within the outer portion of 
Pulaski Shoal (Lidz & Zawada 2013, Margaret Miller unpublished data), which suggests the 
availability of suitable habitat increased between 1976 and 2009.  
A large proportion of suitable habitat (senile reef and rubble) exists at Pulaski Shoal, 
which allows for more variability in the location and extent of the population distribution 
compared to East Key and Loggerhead Key. Additionally, the proportion of this suitable habitat 
largely exists within the outer portion of the shoal, coinciding with the current A. cervicornis 
repopulation distribution patterns.  Currently, the benthic habitat distribution across the inner 
portion of the shoal is largely dominated by seagrass and sand, which does not provide suitable 
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hard substrate necessary for recruitment of A. cervicornis larvae or fragments. However, in 
1883 the inner portion of the shoal not only consisted of sand and seagrass, but also of 
hardbottom habitat and A. cervicornis patches.  Although the 1883 map did not classify 
seagrass habitat directly, it was inclusive in the mapping of soft bottom habitats as sediments 
(Agassiz 1883, Jeffery et al. 2012). Agassiz (1883) observed extensive coverage of seagrass, 
dominated by Thalassia testudinum in the areas mapped as sediment within the inner portion of 
the shoal (Agassiz 1883).  
East Key 
 
The extent of the A. cervicornis distribution at East Key was much larger in 1883 than in 
2009, which may be a result of the limited suitable habitat for settlement and attachment. As this 
species recovers, available hard substrate is necessary for settlement and attachment of new 
recruits (Connell 1973, Ritson-Williams et al. 2010). Historically, the A. cervicornis population 
was highly abundant on either side of the channel west of the island in 1883 and was 
interspersed among hardbottom habitats. However, these populations disappeared in 1976.  
The current population is located to the north on the western side of the channel, where 
a proportion of the small percentage of senile reef exists. Overall, there is a higher abundance 
of colonies occurring on senile reef compared to rubble habitat within DRTO, indicating a 
possible preference for senile reef habitat. The majority of the 2009 A. cervicornis repopulation 
at East Key occurs on senile reef habitat, even though the areal coverage was low. The suitable 
habitat that exists at East Key is currently dominated by rubble, which may explain the very low 
occurrence (one colony) west of the channel. While A. cervicornis colonies do occur on rubble 
habitat, it’s possible the stability of this substrate at East Key may limit successful settlement 
and attachment. Historically, A. cervicornis formed dense, monotypic thickets with interlocking 
branches, which increased the stability of individual colonies (Tunnicliffe 1982).  
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These historical colonies were located in areas that are now dominated by rubble. As the A. 
cervicornis population grows and forms extensive thickets, it’s possible A. cervicornis may 
expand onto rubble habitat.  
Loggerhead Key 
Suitable substrate for reattachment and colonization is limited at Loggerhead Key, which 
is dominated by sand. Historically, dense monotypic thickets of A. cervicornis existed at 
Loggerhead Key in 1883 and 1976.The limited availability of suitable habitat that has persisted 
through time at Loggerhead Key supports the similarities in the location of the population 
distribution between 1883 and 2011. The differences in the location of colonies between 1883 
and 1976 as well as 1976 and 2011 are most likely a result of the large tract of A. cervicornis 
reef west of Loggerhead Key bank. This large area of A. cervicornis was absent in 1883 and 
2011, accounting for the shift in the location of the distribution westward in 1976 and eastward 
in 2011.  
Climatic Variability within the Dry Tortugas Region  
Hurricanes and Tropical Storms  
 
The impacts of hurricanes over the past 129 years may have contributed to the current 
patterns in the A. cervicornis population distribution. Hurricanes and tropical storms are 
important natural disturbances that have both positive and negative impacts. The DRTO 
experiences very little variation in salinity and water temperature with the exception of seasonal 
effects, but it is also located in an area that is subjected to frequent, high intensity hurricanes, as 
well as winter and tropical storms (Ruzicka et al. 2010, Jeffery et al. 2012). The probability of 
damage in an area depends on storm frequency, intensity, and the width of its maximum 
damage path (Scoffin 1993).  
DRTO has experienced a total of 54 hurricanes and tropical storms within a 1.6 km 
radius from 1883 to 1976 and 20 from 1977 to 2011 (NOAA historical hurricane tracks 2014). 
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Frequency of storms from 1883 to 1976 (0.58/yr) and 1977 to 2011 (0.58/yr) has remained the 
same when averaged on a per year basis. However, storm intensity and frequency peaked from 
2004 to 2005, with a total of two Category 2 and two Category 3 hurricanes as well as two 
tropical storms (NOAA historical hurricane tracks 2014). Reported physical damage from the 
2005 storms included overturned colonies, scouring, and the loss of gorgonian and sponge 
dominated-hardbottom habitats (Donahue et al. 2008).  The loss of gorgonians and sponges 
from storm disturbance in 2005 may have opened up space for A. cervicornis colonies to settle 
and attach.  Hurricanes can also negatively impact A. cervicornis populations as this branching 
coral is easily toppled by high wave energy (Tunnicliffe 1981). In particular, hurricane Charley 
caused fragmentation of Acropora colonies on the northeast side of Loggerhead Key in 2004 
(Jeffery et al. 2012).   
Although hurricanes can result in severe damage of thickets, the ability of A. cervicornis 
to re-anchor itself, regrow rapidly, and asexually reproduce (Gilmore & Hall 1976, Tunnicliffe 
1981) makes this species competitive when recovering from frequent physical disturbances 
such as hurricanes and tropical storms (Shinn 1966, 1976, Tunnicliffe 1981). The spread, 
location, and growth of these new thickets of A. cervicornis depend on water turbulence, 
availability of space, and suitable habitat for attachment (Tunnicliffe 1981).  Additionally, the 
strength and frequency of hurricanes, occurring from August to December, play an important 
role in community succession, diversity, and sediment accumulation in the area (Jindrich 1972, 
Hughes & Connell 1999). An optimal level of storm disturbance helps the ecosystem thrive by 
inhibiting the dominance of one species and flushing out macroalgae, creating more area for 
new coral polyps to settle (Rogers 1993). Results from a study conducted by Lirman (2003) 
indicated that a positive correlation exists between the abundance of A. palmata and an 
increase in storm frequency from once every 15 years to once every 2 years. However, any 
further increase in storm frequency results in a decline of A. palmata abundance.  Although this 
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study was not conducted for A. cervicornis, it provides insights into how a closely related 
branching coral can be impacted by storm dynamics that characterize a region.  
Episodic Cold Water Events 
 
Natural disturbances such as episodic cold events are also known to impact coral 
communities in terms of health, abundance, and distribution in the Dry Tortugas and other areas 
of the Florida reef tract (Roberts et al. 1982, Hudson 1981, Davis 1982, Lirman et al. 2011). 
Corals living in marginal environments or at their maximum thermal range are more susceptible 
to temperature fluctuations that result in stress and mortality (Coles & Fadlallah 1991, Precht & 
Miller 2007). Although cold water events causing coral mortality are rare, these events have 
been documented in the Florida Keys and DRTO region in 1962, 1969-1970, 1976-1977, 1977-
1978, and 1981 (Lirman et al. 2011).  
Shinn (1966) documented small-scale impacts of the 1962 cold event, which resulted in 
the mortality of A. cervicornis populations at a shallow reef in the Florida Keys. Studies have 
also documented mortality of Montastraea colonies, resulting from cold events in 1969-1970 
and 1977-1978 (Roberts et al. 1982, Hudson 1981). The documented impact of the cold event 
in 1976-1977 was particularly significant for the Dry Tortugas, resulting in the mortality of 96% of 
the A. cervicornis population (Davis 1982, Porter et al. 1982). From 1977 until recently, A. 
cervicornis was largely absent from the Dry Tortugas ecosystem indicating recruitment as the 
source of this repopulation. Cold water events were also documented in 1981 (Walker et al. 
1982) and 2010; with the study on the impact of the 2010 cold event as the first to document 
region-wide mortality in the Florida Keys (Lirman et al. 2011). Although Lirman et al. (2011) only 
evaluated coral mortality in the Florida Keys; it’s likely this cold-event also impacted the coral 
communities of the DRTO region.  
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CONCLUSIONS 
 
Compared to historical locations, the population distribution of A. cervicornis is occurring in 
different locations at Pulaski Shoal. However, the extent of the historical and current population 
distributions are similar, which indicates suitable habitat still exists across the shoal, but has 
shifted to the northeast in terms of location. The extent of the historical and current distributions 
was significantly different at East Key suggesting slower recovery and lack of suitable habitat. 
The location and extent of the A. cervicornis population distribution at Loggerhead Key were 
similar between years 1883 and 2011, which is likely a result of the limited hard substrate and 
large percentage of sand that has persisted in the area. The differences in the location of the 
distribution between years 1883 and 1976 as well as 1976 and 2011 were a result of the large 
tract of A. cervicornis that existed west of the island.  It is also known that 96% of the surveyed 
population died as a result of a cold event in the winter of 1976-1977. It is impossible to 
determine the causes of change between years because of the large time gap in sampling. The 
data from the USGS ATRIS surveys and historical maps provided information on the ability of 
the DRTO ecosystem to spatially vary over large time scales in terms of community structure 
and composition. 
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Table 2.1 Provides the source, scale, coordinate system, and rectification information for the 
maps used in this study. The spheroid, datum, and projection for all maps was GRS 1980, NAD 
1983 UTM Zone 17.    
 
Maps Source Scale Geometric 
Model 
Resample 
Method 
RMSE Resolution 
(m) 
Grid FWRI - - - - - 
1879 NOAA 
bathymetry 
chart 
Tim Smith, 
NPS 
1:40,000 - - - 3x3 
 
1883 
Agassiz 
map 
Tortugas 
and Florida 
Reefs, 
Agassiz, 
1885 
1:40,000 Polynomial 
2nd order 
Nearest 
Neighbor 
0.0191 3x3 
1975 NOAA 
bathymetry 
chart 
NOAA’s 
Historical 
Map and 
Chart 
Collection 
1:30,000 Polynomial 
1st order 
Nearest 
Neighbor 
0 2x2 
1976 Davis 
map 
Paper copy 1:30,000 Polynomial 
1st order 
Nearest 
Neighbor 
0.0182 2x2 
 
Table 2.2 Original and corrected total counts for Acropora cervicornis colony abundance. 
 
 
 
 
 
 
 
 
 Original Counts Corrected Counts 
Pulaski Shoal 400 261 
East Key 88 37 
Loggerhead Key 73 72 
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Table 2.3 Benthic habitat composition characterizing each study area. Percentages and areal 
coverage of each habitat is shown. Percentages were calculated from the areal coverage of the 
ATRIS-derived benthic habitat maps. Both senile reef and rubble are considered suitable A. 
cervicornis habitat. Benthic habitat maps provided by the U.S. Geological Survey.  
 
Benthic habitat Pulaski Shoal East 
Key 
Loggerhead 
Key 
Senile Reef    
Area 10306528.9 204245 5154666 
Percent 44.70% 8.10% 23.50% 
Rubble    
Area 2325483.6 661962 1269311 
Percent 10.00% 26.20% 5.79% 
Seagrass    
Area 4111866.8 660659 139722 
Percent 17.80% 26.20% 0.64% 
Sand    
Area 6337850.5 995112 15343122 
Percent 27.50% 39.50% 70.00% 
Total Area 23081729.8 2521978 21906821 
 
Table 2.4 Results of the non-parametric multivariate analysis of variance (NP MANOVA) test 
comparing the location of the A. cervicornis distribution between years 1883 and 2009 at 
Pulaski Shoal.  P-values at the level α < 0.05 indicate significant differences.  
 
Source df SS MS F P 
Year 1 6.76E+07 6.76E+07 20.306 0.001 
Residual 220 7.33E+08 3.33E+06 - - 
Total 221 8.00E+08 - - - 
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Table 2.5 Standard deviational ellipse output for each site and year. Information on the area, x-  
and y-coordinate centroid, x-and y-standard distance (Std Dist), and angle of rotation of each 
ellipse is displayed in the table below. No data were available for year 1976 at Pulaski Shoal 
and East Key.  
Site Year Area (m2) Center X (m) Center Y 
(m)  
StdDist X 
(m) 
Std Dist Y 
(m) 
Rotation 
(˚) 
East Key 2009 2.84E+05 316506.1 2728126.4 229 395 85.2 
Loggerhead 
Key 
1883 2.95E+06 306116.1 2725266.9 490 1.91E+03 62.9 
Loggerhead 
Key 
1976 4.82E+06 304866.3 2725101.1 878 1.75E+03 80.3 
Loggerhead 
Key 
2011 5.37E+06 306000.8 2725113.7 806 2.11E+03 63.2 
Pulaski 
Shoal 
1883 9.43E+06 315936.9 2732712 2.61E+03 1.15E+03 112 
Pulaski 
Shoal 
2009 5.56E+06 316914.6 2733629.4 2.37E+03 7.47E+02 119 
 
Table 2.6 Results of the non-parametric permutation based analysis of variance tests for 
differences in the extent of the A. cervicornis distribution between years 1883 and 2009 at East 
Key.  This test was performed on the residuals of the raw data. P-values at the level α < 0.05 
indicate significant differences. 
 
Source df SS MS F P   
Year 1 1.57E+06 1.57E+06 25.118 0.001 
Residual 69 4.32E+06 62571 - - 
Total 70 5.89E+06 - - - 
 
Table 2.7 Results of the non-parametric multivariate analysis of variance (NP MANOVA) 
comparing the location of the A. cervicornis distribution among years at Loggerhead Key.  P-
values at the level α < 0.05 indicate significant differences.  
 
Source df SS MS F P  
Year 2 3.00E+07 1.50E+07 6.503     0.002 
Residual 112 2.59E+08 2.31E+06 - - 
Total 114 2.89E+08 - - - 
Comparison* - - - T P 
1883 vs. 1976 - - - 3.3914 0.001 
1883 vs. 2009 - - - 0.5474 0.64 
1976 vs. 2009 - - - 3.1669 0.003 
* Pair-wise a posteriori test 
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Figure 2.1 Original benthic habitat map of the Dry Tortugas developed in 1883 by Alexander 
Agassiz.  Classification categories include land, fine sand and ooze, broken coral heads, large 
heads, Acropora cervicornis, coarse sand on flats above 6 fathom line, Acropora palmata, 
Gorgoniae and broken ground, coarse sand and Porites. Although the 1883 map did not 
classify seagrass habitat directly, it was inclusive in its mapping of soft bottom habitats as 
sediments. 
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Figure 2.2 Original benthic habitat map of the Dry Tortugas in 1976 (Davis 1982). Distribution 
and abundance of habitats are shown using eight classification categories such as seagrass, 
algae, patch reef, staghorn reef, bank barrier/fringing reef, land, hard bottom dominated by 
octocorals, as well as bare sand and rubble. 
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Figure 2.3 Acropora cervicornis colonies found on images clasified by habitat type. 
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Figure 2.4 Model created in ArcGIS 10.1 in order to process and extract the raster data 
contained within the historical maps (Fig.2.1, 2.2). Bands 1-3 represent the R,G, and B values 
for the A. cervicornis distribution. Each band is ex5tracted separately than re-combined using 
the raster calculator. The output from the raster calculator (extracted features) represents the A. 
cervicornis distribution from the historical maps.  
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Figure 2.5 Extracted raster data from the model created in Figure (2.3), which was then 
converted to vector data (polygons) and finally to point data. A) Historical map created by 
Alexander Agassiz 1883 with A. cervicornis distributions represented in light blue (raster data) 
B) A. cervicornis distribution represented as polygons C) The centroid of each polygon. This 
was computed so that the historical and current datasets represent point data and are 
uniform.   
 
 
A. 
B. C. 
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Figure 2.6 A) Process involved in using the standard deviational ellipse tool in ArcGIS. The 
ellipses illustrate the directional trend, shape, and size of the distribution B) Output parameters 
(Source: ESRI-http://webhelp.esri.com/arcgisdesktop/9.2/index.cfm?TopicName=welcome) 
 
 
 
 
 
A. 
B. 
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Figure 2.7A Standard deviational ellipse representing the directional trend, shape and, 
size   of the A. cervicornis distribution between years 1883 and 2009 at Pulaski Shoal. 
Acropora cervicornis was not mapped at Pulaski Shoal in 1976. The ellipsoids were 
used to visualize the results from the non-parametric analysis of variance tests 
comparing distribution and location between years. The stars represent the location of 
the distribution for years 1883 and 2009. The ellipses are overlaid onto an ATRIS-
derived benthic habitat map to visualize the distribution of the A. cervicornis population 
in relation to underlying benthic habitat. Maps provided by the U.S. Geological Survey. 
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Figure 2.7B Standard deviational ellipse representing the directional trend, 
shape and, size of the A. cervicornis distribution between years 1883 and 2009 
at East Key. Acropora cervicornis was not mapped around East Key in 1976. The 
ellipsoids were used to visualize the results from the non-parametric analysis of 
variance tests comparing distribution and location between years. The stars 
represent the location of the A. cervicornis distribution for years 1883 and 2009.  
The ellipses are overlaid onto an ATRIS-derived benthic habitat map to visualize 
the distribution of the A. cervicornis population in relation to underlying benthic 
habitats. The map was provided by the U.S. Geological Survey.  
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Figure 2.7C Standard deviational ellipse representing the directional trend, shape and, 
size   of the distribution of A. cervicornis among years 1883, 1976, and 2011 at 
Loggerhead Key. The ellipsoids were used to visualize the results from the non-
parametric analysis of variance tests comparing distribution and location among years. 
The stars represent the location of the distribution for years 1883, 1976, and 2011. The 
ellipses are overlaid onto an ATRIS-derived benthic habitat map to visualize the 
distribution of the A. cervicornis population in relation to underlying benthic habitat 
structure. Maps provided by the U.S. Geological Survey. 
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Figure 2.8A KDE plot of the high density areas (50% core use) of the A. 
cervicornis population between years 1883 and 2009 at Pulaski Shoal. These 
KDEs are overlaid onto an ATRIS-derived benthic habitat map. The map was 
provided by the U.S. Geological Survey.   
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Figure 2.8B KDE plot of the high density areas (50% core use area) of the A. 
cervicornis population between years 1883 and 2009 at East Key. These KDEs 
are overlaid onto an ATRIS-derived benthic habitat map. The map was provided 
by the U.S. Geological Survey.   
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Figure 2.8C KDE plot of the high density areas (50% core use area) of the A. 
cervicornis population among years 1883, 1976, and 2011 at Loggerhead Key. 
These KDEs are overlaid onto an ATRIS-derived benthic habitat map. The map 
was provided by the U.S. Geological Survey.   
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CHAPTER THREE: 
 Spatial Population Patterns in Density of the Threatened Staghorn Coral, Acropora 
cervicornis, in Response to Underlying Environmental Factors  
 
STUDY OBJECTIVES AND QUESTIONS 
 
1) How do factors such as suitable habitat type, average water depth, and location effect the 
variation in density within DRTO?  
2) What is the overall spatial pattern of the population within each study location? 
3) Are there areas within each location with significantly higher density (hotspots)?  
MATERIALS AND METHODS  
 
Data Acquisition and Image Classification 
 
The data were acquired using the USGS Along Track Reef Imaging System (ATRIS) as 
part of previous studies conducted by Hart et al. (2010, 2013, and 2014) and Lidz & Zawada 
(2013).  The shallow-water ATRIS configuration was deployed at two locations in 2009 (Pulaski 
Shoal, East Key) and one location in 2011 (Loggerhead Key), covering total areas of 0.17 km2, 
0.036 km2, and 0.119 km2 for the three regions respectively. The data were originally collected 
to study the behavior and use of benthic habitats by loggerhead Caretta caretta (Hart et al. 
2010, Hart et al. 2014) and the green Chelonia mydas (Hart et al. 2013) sea turtles during their 
inter-nesting periods, i.e., the time spent off the nesting beaches between clutch-laying events.  
Additionally, Lidz & Zawada (2013) used the ATRIS data to document the possible recovery of 
A. cervicornis in the Pulaski Shoal region of the park.  
Lidz & Zawada (2013) viewed and classified images using a software program 
developed by the U.S. Geological Survey called the ATRIS Data Analysis and Processing Tool 
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(ADAPT). They examined a total of 512,744 ATRIS images to identify, count, and measure A. 
cervicornis colonies. Additionally, these authors classified every 5th image into one of five 
benthic-habitat types including senile reef, seagrass, sand, rubble, and unclassifiable. 
Descriptions of each habitat type are described in Lidz & Zawada (2013). These habitat 
classifications were based on a visual estimate of the dominate habitat type (> 50%) in each 
image. Habitat classifications and aerial imagery were then used in conjunction to produce 
benthic habitat maps of the three surveyed locations. Further details of the 2009 and 2011 data 
collection are provided in Lidz & Zawada (2013) and Hart et al. (2014) respectively.  
Acropora cervicornis Counts and Image Reclassification  
 
Upon reviewing the work of Lidz & Zawada (2013), errors were discovered in the A. 
cervicornis count data, resulting from a misclassification of fire coral (Millepora alcicornis and M. 
complanata) as A. cervicornis. To resolve these errors, the images where A. cervicornis 
colonies were identified and counted were reviewed to provide a corrected total count (Table 
3.1). This study also added an additional benthic habitat classification category by reclassifying 
the rubble category from Lidz & Zawada (2013) into two habitat types; other rubble and A. 
cervicornis rubble. Areas classified as “other rubble” consisted of > 50% coverage of carbonate 
fragments of various shapes and sizes (Lidz & Zawada 2013), whereas areas classified as A. 
cervicornis rubble consisted of >50% coverage of dead A. cervicornis branches. These 
distinctions were made to understand the habitat characteristics of current colony locations in 
finer detail.  Reclassification of images as A.cervicornis rubble was based on visual estimates 
following methodologies in Lidz & Zawada (2013). Total numbers of images classified as “other 
rubble” and “A. cervicornis rubble” are shown in Table 3.2. ATRIS-derived benthic habitat maps 
and image location data were loaded into ArcGIS 10.1 to extract habitat classification data for 
every image. Water-depth data was collected with ATRIS at Pulaski Shoal and East Key. 
However, the depth sounder malfunctioned during data collection at Loggerhead Key, requiring 
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depth data for this location to be extracted from a NASA Experimental Airborne Advanced 
Research Lidar (EAARL) digital elevation model (DEM) of DRTO using ArcGIS 10.1. The DEM 
was derived through the interpolation of EAARL point data in order to create a continuous 
surface representing depths (Brock et al. 2006).  
Sampling Design 
 
The original ATRIS image data were collected along transects that varied in size. To 
create uniform transects for analysis purposes, the data were grouped into 10 m2 transect areas 
following along the original transect paths within each study location (Fig. 3.1A, 3.1B, 3.1C). The 
transect areas were totaled using the area of each image, which was quantified using its 
associated range information. Transects with similar areal coverage are used by the CREMP, 
which implements a stratified random sampling design with 10 m long x 1 m wide transects to 
assess coral communities in terms of health, abundance, and distribution (Ruzicka et al. 2010).  
After grouping the original transect data, a total of n = 30,353 10 m2 transect areas were 
sampled for Pulaski Shoal (n = 16,183), East Key (n = 3,422), and Loggerhead Key (n = 11,152) 
survey regions. This study quantified density, % habitat type, and average water depth for each 
10 m2 transect area. Percentages were quantified for each habitat type (senile reef, other 
rubble, A. cervicornis rubble, sand, seagrass, and unclassifiable) to characterize composition of 
the transect area. 0
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9+7648 9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9;6   % ℎ 	
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The National Oceanic and Atmospheric Administration recently published its recovery 
plan for A. cervicornis and defined suitable habitat as “natural consolidated hard substrate that 
is free from fleshy or turf macroalgal and sediment cover”.  Acropora cervicornis has been 
observed to naturally occur on a variety of different habitat types including spur and groove reef, 
bank reef, patch reef, hardbottom, and other transitional reef habitats (Gilmore & Hall 1976, 
Jaap 1984). In this study benthic habitat that was considered suitable included senile reef, other 
rubble, and A. cervicornis rubble and was based on the number of colonies occurring on these 
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habitat types (Fig. 3.2). Senile reef was a term defined by Shinn et al. (1977) and is commonly 
referred to as hardbottom in other benthic habitat mapping studies (Waara 2011). Transects 
containing habitat classified as suitable for A. cervicornis growth were extracted from the larger 
dataset (n = 16,447) for analysis purposes. Both the presence and absence data were included 
in the analysis to understand if the depth and suitable habitat associations characterizing 
presence areas were distinct.  Because the total sample size for the presence (n = 190 
transects) and absence data (n = 16,257 transects) was extremely unbalanced, a random 
subsample (n = 250 transects) was extracted from the absence data using random sampling 
without replacement to provide a more balanced statistical design.  
Spatial Patterns in the Overall Population Structure and Density 
 
The overall spatial population structure was determined using a permutation based 
(perm = 1000) version of the Clarke Evans test for spatial randomness at α = 0.05. The resulting 
Z-value determines whether the population is random (-1.96 ≥ +1.96), dispersed (> +1.96), or 
clustered (< -1.96). The Clarke Evans tested the null hypothesis of Ho: The population structure 
is not significantly more clustered or dispersed than random and was performed on the x- and y-
coordinate data for individual colony locations. The analysis was conducted in MATLAB R2012b 
using the Clarke Evans function from the Fathom Toolbox (Jones 2014).  
Spatial patterns were further analyzed using the computed density values (# colonies/10 
m2) from each transect. A  Getis-Ord G* test was performed using the ArcGIS 10.1 spatial 
analyst tool to determine if there were localized hotspots in A. cervicornis density i.e., areas with 
significantly higher density (Ord & Getis 1995, Walker et al. 2012). Using density as the 
weighted input values, the Getis-Ord G* tested the null hypothesis Ho: There are no areas with 
values significantly higher in magnitude than you might expect to find by random chance at α = 
0.01 (Ord & Getis 1995). 
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Statistical Analysis: Factors Affecting Patterns in Density 
 
To further analyze patterns in density, the 10 m2  transect data were grouped according 
to three factors:  1) location (L, 3 levels, fixed); 2) suitable habitat type (SH, three levels, fixed); 
and 3) average water depth (WD, 2 levels, fixed) using a fixed effects ANOVA model. A fixed 
effects model determines the levels of each factor prior to analysis and focuses on the effect of 
those levels on the response variable in terms of the sampled population. Suitable habitat type 
consisted of three levels, which grouped the data into areas dominated by senile reef (> 50%), 
other rubble (> 50%), and a combination of A. cervicornis rubble, other rubble, and senile reef 
(>50%). The presence of Acropora cervicornis rubble was distinguished to determine its effect 
on density. Additionally, average water depth and region consisted of two levels and three levels 
respectively. These levels grouped the data by shallow (~1-9 m) and deep (~9-19 m) depth 
ranges and by locations referred to as Pulaski Shoal, East Key, and Loggerhead Key. The 
depth divisions used in this study were modified according to depths used by Burns (1985) in a 
coral community study of South Florida. Two transects considered outliers were removed from 
the total number (n = 440) of transects analyzed as they did not fall into the a priori habitat 
groupings.  
Traditional parametric analysis of variance tests could not be performed because the 
data exhibited significant non-normality (Lilliefors test P < 0.05) that was not alleviated by 
transformation. In addition to the non-normality of the data, the pseudo-random sampling design 
of the ATRIS transects also did not allow for the use of traditional parametric tests. Instead, a 
permutation based non-parametric analysis of variance (NP ANOVA) was used, which produces 
an equivalent test statistic (Fisher’s F-ratio) to parametric versions (Anderson 2001A). However, 
the P-value is computed differently and is permuted by randomly shuffling the A. cervicornis 
density data, which allows the test to be free from the assumption of normality (Anderson 
2001A, Anderson 2001B).  This method has been applied in numerous ecological studies 
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analyzing abundance and community composition (Elsdon & Gillanders 2004, Claudet et al. 
2006, Sandin et al. 2008), which is appropriate because ecological data rarely meets the 
assumptions of parametric methods (Anderson 2001A). The test for differences in the mean and 
dispersion (variance) of density was based on the Euclidean distance metric, which is 
appropriate for univariate datasets (Legendre & Legendre 1998). Analyses were conducted in 
MATLAB R2012b using functions from the Fathom Toolbox (Jones 2014).  
A non-parametric version of Levene’s test was used to test for the effect of L, SH, and 
WD on the dispersion in density (# colonies/m2). This test was performed on the residuals of the 
raw data using three separate permutation-based (perm = 1000) NP ANOVA tests at α = 0.05 
(Anderson 2006). Residuals were computed as the distance between each observation and 
their group (level) means using the Euclidian distance metric. These NP ANOVAs tested the null 
hypotheses of Ho: no significant differences in the dispersion of density among L, SH, and WD. 
If significant differences were detected among factors with more than two levels, the NP ANOVA 
was followed by a posteriori multiple pair-wise comparison tests (Anderson 2001A). Significant 
differences in dispersion were interpreted as these results are useful in understanding the 
ecological and environmental variability of an ecosystem among specified factors (Anderson 
2006).  
Additionally, a permutation-based (perm = 1000) three-way NP ANOVA was used to test 
for the effect of L, SH, and WD on mean density at α = 0.05.  This NP ANOVA tested the null 
hypotheses of Ho: no significant differences in density among L, SH, and WD and Ho = no 
interaction effect among factors: L x SH, L x WD, SH x WD, L x SH x WD. If a significant 
interaction effect exists, it indicates that the effect of one factor is not consistent across the 
levels of another, which requires discussion of these factors simultaneously (Underwood 1997).   
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RESULTS 
 
Density Patterns: Effect of Water Depth 
 
Results from the NP ANOVA indicated water depth to be the most important factor 
effecting the variation in mean density within DRTO (Table 3.3). Mean density within shallow 
depth ranges was significantly higher (0.094 colonies/m2, F = 27.4, P = 0.001) than mean 
density within deep depth ranges (Fig. 3.7A, 0.034 colonies/m2). Additionally, results from the 
one-way NP ANOVA analyzing differences in dispersion indicated there was also significantly 
higher dispersion in density within shallow depth ranges (σ2 = 0.084, F = 12.135 , P = 0.001) 
compared to that of deep depth ranges (σ2 = 0.053). A larger percentage of senile reef-
dominated transects and other rubble-dominated transects occurred in shallow depth ranges 
compared to deep depth ranges (Fig. 3.6A, 3.6B). Additionally, a larger percentage of transects 
where A. cervicornis rubble is present also occurred at shallow depths (Fig. 3.6C). Both shallow 
and deep depths were dominated by areas comprised of >50% senile reef habitat. The 
presence of A. cervicornis colonies also reflected this pattern with a higher percentage occurring 
within shallow areas (Fig. 3.6D). The presence of A. cervicornis colonies within deep depth 
ranges only occurred in areas comprised of >50% senile reef habitat. Results also indicated that 
there was no significant interaction effect between WD x SH, WD x L, or WD x SH x L (Table 3, 
F = 0.444, P > 0.05), indicating patterns in mean density were consistent across all levels of 
each factor. For example, mean density was lower within deep depth ranges and higher within 
shallow depth ranges across all regions and across all suitable habitat types.  
 
 Density Patterns: Effect of Suitable Habitat Type 
 
Acropora cervicornis densities ranged from 0.08 – 1.09 colonies/m2 and did not 
significantly differ among suitable habitat types (Table 3.3, F = 1.95, P = 0.11). Although not 
statistically significant, mean density tended to be higher within habitat dominated by “senile 
reef” (0.078 colonies/m2) compared to habitat dominated by “other rubble” (0.048 colonies/m2, 
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Fig. 3.7B). Additionally, mean density also tended to be higher within transects dominated by a 
combination of senile reef + other rubble + A. cervicornis rubble (0.073 colonies/m2) compared 
to habitat dominated by other rubble only (0.048 colonies/m2). Results also indicated that there 
was no significant interaction effect between SH x WD, SH x L, or SH x WD x L (Table 3, F = 
0.444, P > 0.05).  
Density Patterns: Effect of Location 
 
Results indicated there was a significant effect of location on the variation in mean 
density (Table 3). Pairwise comparison tests indicated mean density at Pulaski Shoal was 
significantly higher (Fig. 3.7C, 0.09 colonies/m2, P = 0.001) compared to Loggerhead Key (Fig. 
8C, 0.04 colonies/m2). Intermediate densities existed at East Key (Fig. 3.7C, 0.06 colonies/m2) 
and were statistically similar to Pulaski Shoal (t =1.07, P >0.05) and Loggerhead Key (t = 1.47, 
P >0.05). Pairwise comparison results from the one-way NP ANOVA analyzing differences in 
dispersion indicated there was also significantly higher dispersion in density at Pulaski Shoal (σ2 
= 0.09, t = 3.07, P = 0.001) compared to that of Loggerhead Key (σ2 = 0.062). East Key 
consisted of an intermediate dispersion in density (σ2 = 0.074), which was not statistically 
different from Pulaski Shoal (t = 0.964, P >0.05) and Loggerhead Key (t = 1.29, P >0.05). 
Results also indicated that there was no significant interaction effect between L x SH, L x WD, 
SH x WD, or L x SH x WD (Table 3, F = 0.444, P > 0.05), indicating patterns in mean density 
were consistent across all levels of each factor.  
Spatial Patterns in Population Structure and Density within each Location 
 
Results from the Clarke Evans test revealed that the A. cervicornis population structure 
was significantly clustered at Pulaski Shoal and Loggerhead Key (P = 0.001, Z < -1.96). 
However, the population structure at East Key was not significantly more clustered or dispersed 
than random (P = 0.001, Z = -0.842). Results from the Getis-Ord G* test indicated there were 
significant hotspots in density at all three survey locations (P < 0.01, ≥ 0.44 colonies/m2). There 
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were a larger number of areas with significantly higher densities at Pulaski Shoal (# of areas = 
9, Fig. 3.3AB) compared to East Key (# of areas = 1, Fig. 3.4AB) and Loggerhead Key (# of 
areas = 1, Fig. 3.5AB). Density values at Pulaski Shoal, East Key, and Loggerhead Key ranged 
from 0.08 - 1.09 colonies/m2, 0.08 - 0.49 colonies/m2, 0.09 – 0.47 colonies/m2 respectively (Fig. 
3.3AB, 3.4AB, 3.5AB). 
 
DISCUSSION 
 
Density Patterns: Effect of Water Depth and Suitable Habitat Type 
 
Corals are known to use both depth (light intensity and quality) and habitat specific cues 
at the time of settlement (Mundy & Babcock 1998, Baird et al. 2003). Larval recruitment and 
ecological studies of reefs have suggested the availability and quality of suitable habitat 
(consolidated hard substrate/depth) as important factors for the successful settlement, 
metamorphosis, and post-settlement survival of larvae (Connell 1973, Heyward & Negri 1999, 
Ritson-Williams et al. 2010). While other environmental variables (i.e. light, turbidity, nutrients, 
currents, and disturbance events) are also known to impact spatial patterns in coral distribution, 
such variables were not analyzed due to the limitations of the data used in this study. The data 
were originally collected to study the behavior and use of benthic habitats by loggerhead Caretta 
caretta (Hart et al. 2010, Hart et al. 2014) and the green Chelonia mydas (Hart et al. 2013) sea 
turtles during their inter-nesting periods, which only provided information on depth and 
composition of benthic habitats.  
The A. cervicornis population density within DRTO was largely affected by water depth 
and location while the type of suitable habitat was insignificant. Although the effect of habitat 
type was not statistically significant, density on senile reef habitat tended to be higher across all 
locations within the shallow depth range.  Miller at al. (2008) conducted a similar study within 
the Florida Keys where they assessed the A. cervicornis population (colony density and size) in 
relation to different suitable habitat types and also did not determine any significant differences. 
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These authors also observed A. cervicornis densities of ≤ 1.2 colonies/m2 within the Florida 
Keys, which were similar to those quantified by our study within DRTO (≤ 1.1 colonies/m2). The 
idea of an optimal and suitable habitat for an organism appears to include a variety of habitat 
types for A. cervicornis and most likely has more to do with the availability of space.  
Baird et al. (2003) has indicated suitable habitat as a control on the depth distribution of 
adult corals, resulting from habitat selection at the larval stage. A higher abundance (% 
occurrence) of suitable habitat exists within shallow depth ranges, which may be responsible for 
the significantly higher densities (mean). The higher dispersion in density within shallow depths 
is a likely result of increased asexual reproduction via fragmentation and settlement of larvae in 
certain areas over others.  The re-attachment of fragments and settlement of larvae depends on 
not only the existence of suitable habitat, but on the availability of space. The intensity of wave 
action from hurricanes and tropical storms can exert a stronger effect in shallow areas, thereby 
more readily disturbing the coral community and opening up space for settlement (Baird et al 
2003). While storms may easily topple and damage A. cervicornis colonies, this coral has the 
ability to re-anchor itself by asexual reproduction through fragmentation (Gilmore & Hall 1976, 
Tunnicliffe 1981). The increase in the availability of space provides habitat for not only the A. 
cervicornis fragments generated by the disturbance, but for the settlement of A. cervicornis 
larvae (Tunnicliffe 1981, Hughes & Connell 1999). 
The ability of A. cervicornis to utilize a wider range of habitats other than reef-types may 
result in part because bio-chemical cues are not required for settlement. However, biochemical 
cues are also important factors that can increase settlement and metamorphosis to one habitat 
over another. Ritson-Williams et al. (2010) conducted an experimental study to understand the 
settlement preferences and post-settlement survival of A. cervicornis in response to four species 
of crustose coralline algae (CCA). They found that A. cervicornis does not require CCA for 
settlement, but does have varied behavioral responses to different CCA species. Our study 
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indicated the ability of A. cervicornis to utilize habitats dominated by other rubble and a mixture 
of A. cervicornis rubble, other rubble, and senile reef. A similar study, conducted by Wirt et al. 
(2015), used a broad scale approach to understand common habitat and depth preferences for 
A. cervicornis based on colony locations. These authors also indicated the ability of A. 
cervicornis to utilize a wider range of habitats, but their broad scale approach did not allow 
determination of these other habitats. Our study used a fine scale (10 m2 resolution), site-
specific approach, which enabled a more detailed analysis of the variability in habitat utilization. 
Additionally, the DRTO sample size used by Wirt et al. (2015) was small in comparison to that of 
our study and A. cervicornis observations that did not occur on mapped reef or hardbottom were 
not included in the development of potential habitat maps. The findings from our study can be 
used to refine the potential habitat maps developed by Wirt et al. (2015).  
Spatial Patterns and the Effect of Location on Density: Pulaski Shoal 
 
Pulaski Shoal appears to be an area of significant repopulation, containing the largest 
number of hotspots compared to East Key and Loggerhead Key. The mean and dispersion in 
density at Pulaski Shoal were also both significantly larger, but only compared to densities at 
Loggerhead Key. These differences may be a result of the spatial heterogeneity, availability, 
and abundance of suitable habitats. Intuittatviley, Pulaski Shoal should have a higher mean 
density than East Key due to its higher abundance of suitable habitat. However, this apparent 
similarity may be occurring because the repopulation of A. cervicornis may only be in the 
beginning stages of recruitment and growth. As the population of A. cervicornis within the Dry 
Tortugas continues to be assessed in the future it is likely there may be marked differences in 
the density between Pulaski Shoal and East Key.  
While the effect of habitat type was insignificant, densities within senile reef habitat 
tended to be higher across both depth ranges analyzed in this study.  ATRIS-derived benthic 
habitat maps indicate Pulaski Shoal is largely dominated by senile reef (octocoral-dominated) 
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interspersed with small patches of sand, rubble, and seagrass (Table 3.4), which may explain 
the larger number of hotspots as well as higher dispersion and mean in density. The 
significantly higher dispersion and hotspots in A. cervicornis density at Pulaski Shoal indicates 
higher recruitment or asexual reproduction in certain areas over others. Because of the typical 
life history traits of this coral, the hotspots in density are likely a result of asexual reproduction 
(Tunnicliffe 1981. Low densities that are spatially located far from areas where significant hot 
spots in density occur may indicate the occurrence of larval recruitment over asexual 
reproduction (Fig. 3.3).  All existing hotspots at Pulaski Shoal occurred within transect areas that 
contained 100% coverage of suitable habitat. The majority of these hotspots occurred within 
shallow depths comprised of 100% “senile reef” habitat. However, the occurrence of hotspots 
within deep depth ranges and on habitat comprised of 100% “other rubble” further supports the 
importance of space for attachment over the type of existing habitat.  
NOAA’s recovery plan for A. cervicornis indicates criteria to determine the existence of a 
stable, abundant, and genetically diverse population. These criteria required that a population in 
recovery must consist of thickets, which cover “approximately 5% of consolidated reef habitat in 
5 to 20 m water depth” (National Marine Fisheries Service 2015). Additionally, colonies 
considered thickets must attain a size of ≥ 0.5 m and a density of 1 colony per m2 (National 
Marine Fisheries Service 2015). Lidz and Zawada (2013) measured colony sizes and observed 
numerous medium (0.71 – 1.4 m) and large (1.41 – 2.5 m) colonies, which were also mostly 
associated with senile reef habitat. The combination of the density data from this study and 
colony size data from Lidz & Zawada (2013) allowed an evaluation of the existence of thickets. 
Lidz & Zawada (2013) identified 44 colonies ≥ 0.5 m; however, our data indicated only one area 
containing a density of at least 1 colony per m2. The colonies within this area consisted of two 
colonies ≥ 0.5 m and 9 colonies < 0.5 m. This area is located on senile reef habitat within 
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shallow water (~1-9 m). Colonies that are ≥ 0.5 m also exist within the surrounding areas 
considered hotspots with densities only ranging from 0.47 – 0.67 colonies/m2.  
However, ATRIS tracklines did not conduct an exhaustive survey and thus may have 
missed areas containing thickets of A. cervicornis. A smaller survey revealed the presence of 
large thickets of A. cervicornis at Pulaski Shoal within areas not surveyed by ATRIS 
(unpublished data Margaret Miller & Brittany Huntington NOAA). The locations of these thickets 
were overlaid onto ATRIS-derived benthic habitat maps and tended to occur within areas 
dominated by senile reef. Currently, these are the only known existing thickets within Pulaski 
Shoal. Areas containing hotspots or thickets can be indicative of where the repopulation of 
colonies began via larval recruitment and settlement, which then expanded by either additional 
larval recruits or asexual reproduction via fragmentation. 
Spatial Population Patterns and the Effect of Location on Density: East Key 
 
The sampled A. cervicornis population at East Key was small relative to historical levels 
(Agassiz 1883). Qualitatively, the population appears to aggregate within areas dominated by 
suitable habitat similar to the populations at Pulaski Shoal and Loggerhead Key. However, the 
spatial pattern did not exhibit clustering that was statistically different from random, which may 
be a result of the small population size.  The limited availability and spatial heterogeneity of 
suitable habitat may also be inhibiting aggregation of colonies. ATRIS-derived benthic habitat 
maps indicate East Key is dominated by seagrass and sand (Table 3.4), which largely impacts 
the spatial distribution of colonies and limits the ability of the recovering population to expand 
whether by asexual reproduction or larval recruitment.  Although the population did not spatially 
cluster at the scale of the entire study area, colonies grouped at the 10 m2 scale did exhibit 
intermediate density values (mean and dispersion) to those values characterizing Pulaski Shoal 
(higher values) and Loggerhead Key (lower values). East Key contained only one hotspot in 
density at the 10 m2 scale, which existed within shallow depths containing 100% coverage of 
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senile reef habitat. The smaller number of hotspots is likely a result of the lower abundance of 
suitable habitat. The size distribution at East Key is also largely comprised of colonies < 0.5 m 
(Fig. 3.8). While the size of 3 colonies was ≥ 0.5 m at East Key, the density values did not 
exceed 0.49 colonies/m2, indicating the absence of thickets. 
Spatial Patterns and the Effect of Location on Density: Loggerhead Key 
 
 The A. cervicornis population was clustered at the spatial scale of the entire study 
area. At the smaller scale of 10m2, Loggerhead Key contained density values (mean and 
dispersion) that were lower than both Pulaski Shoal and East Key, but were only statistically 
different from Pulaski Shoal. The number of hotspots at this scale were also lower (1) than 
Pulaski Shoal (9), but similar to that of East Key (1). This hotspot also occurred on senile reef 
within shallow depths and may indicate the spatial location at which repopulation began at 
Loggerhead Key. ATRIS-derived benthic habitat maps indicate Loggerhead Key is comprised of 
patchy suitable habitat that exists within the larger landscape of the dominant habitat types 
within the area.  While sand largely dominates east of the island (Table 3.4, Fig, senile reef 
dominated west of the island; however this area was not colonized by A. cervicornis. 
Repopulation appears to have begun in suitable habitat east of the island at the outer edge of 
the large tract of sand. This large tract of sand may be inhibiting the re-attachment of fragments 
to hard substrate further west after disturbances such as hurricanes and tropical storms. The 
colony size distribution could not be determined due to the malfunction of the depth sounder 
during data collection in 2011. Although colony size could not be determined, density values 
ranged from .08 – 0.47 colonies/m2 and did not meet NOAA’s criteria (1 colony/m2) for 
determining the presence of thickets.  
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Other Possible Factors Impacting the Recovery of a Population 
 
The availability and type of suitable habitat as well as depth are only two factors among 
a multitude that influence recruitment, settlement, and recovery of a population (National Marine 
Fisheries Service 2015).  Historically, disturbance events such as hurricanes and temperature 
variations as well as other stressors have caused fluctuations in A. cervicornis populations 
within DRTO (Agassiz 1883, Davis 1982, Roberts et al. 1982). These stressors also impact the 
rate of recovery due to damage and mortality, but can also positively impact the genetic 
diversity of the population (Neigel & Avise 1983, Gardner et al. 2005). Because the most 
common form of reproduction for A. cervicornis is asexual reproduction (Gilmore & Hall 1976), 
the frequency of disturbance events can be beneficial in preventing low genetic diversity within 
its population (Neigel & Avise 1983, Rogers 1993). Ultimately, this creates a population that is 
more resilient to other stressors. Following disturbances, two modes of recovery have been 
observed for A. cervicornis, which include the vegetative spread of surviving colony fragments 
and the recruitment and settlement of larvae (Shinn 1976). Depending on the strength and 
frequency of hurricanes to an area, these disturbances can be positive, opening up space for 
the spread and reattachment of surviving fragments (Hastings 1980, Tunnicliffe 1981, Rogers 
1993). However, larval recruitment is required for recovery after severe disturbances, which 
result in extensive mortality. The cold event that occurred in south Florida in 1976 is a prime 
example as it resulted in the mortality of 96% of the A. cervicornis population, leaving only 
surviving branches within thickets (Davis 1982, GE Davis personal communication 2013). 
Mortality caused by extreme temperature fluctuations and other disturbances can slow the 
recovery of A. cervicornis from storm damage via dispersal of fragments (Highsmith et al. 1980, 
Tunnicliffe 1981, Hughes & Connell 1999).  
Recovery via larval recruitment is largely dependent on hydrographic variables such as 
currents and winds, but also on larval supply (Yeung et al. 2000, Yeung & Lee 2002, Sponaugle 
63 
 
et al. 2005). The identification of source and sink populations becomes very important in 
understanding the interconnectivity dynamics within a region (Cowen et al. 2006).  The 
oceanography of the Gulf of Mexico involves a complex current system, which connects the 
Caribbean and the Yucatan Peninsula to the Dry Tortugas region. The Caribbean and Mexican 
currents connect to the loop current, which is the major driver of the oceanographic patterns 
within DRTO (Sturges 1993, Hoffman & Worley 1986, Lee & Williams 1999). If circulatory 
patterns match larval duration, these current pathways may have the capability of transporting 
coral reef larvae to DRTO from possible source populations in the Caribbean and Yucatan 
Peninsula (Lee et al. 1992). There may also be exchange of larvae between the Tortugas and 
the Florida Keys via the loop current.  
SUMMARY 
 
Corals are known to use both depth (light intensity and quality) and habitat specific cues 
at the time of settlement (Mundy & Babcock 1998, Baird et al. 2003). The results of this study 
determined water depth and location were the most important factors influencing the density of 
A. cervicornis. The type of suitable habitat or hard substrate was statistically insignificant; 
however, senile reef habitat tended to have higher mean density across all locations within the 
shallow depth range. Although densities tended to be higher, the insignificance supports the 
ability of A. cervicornis to utilize other hard substrate types besides reef habitat. These higher 
densities within shallow depths are likely result of increased asexual reproduction via 
fragmentation and settlement of larvae in certain areas over others.  The re-attachment of 
fragments and settlement of larvae depends on not only the existence of suitable habitat, but on 
the availability of space. Suitable habitat occurred more frequently within shallow depths 
compared to deep depths, which indicates that the underlying abundance is driving the higher 
densities within shallow depths. Baird et al. (2003) has indicated suitable habitat as a control on 
the depth distribution of adult corals, resulting from habitat selection at the larval stage. 
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The repopulation of A. cervicornis appears to be most significant within the eastern 
portion of the DRTO region. Pulaski Shoal contains a larger number of hotspots in density 
compared to East Key and Loggerhead Key. The significantly higher dispersion and hotspots in 
A. cervicornis density at Pulaski Shoal indicates higher recruitment or asexual reproduction in 
certain areas over others. Because of the typical life history traits of this coral, the hotspots in 
density at each study area are likely a result of asexual reproduction. Low densities that are 
spatially located far from areas where significant hot spots in density occur may indicate the 
occurrence of larval recruitment over asexual reproduction. These differences are likely a result 
of the varying abundance and distribution of suitable habitat characterizing each study area. 
Overall, the density and colony size did not meet NOAA’s criteria for a recovering population, 
which requires the presence of thickets. However, ATRIS tracklines did not conduct an 
exhaustive survey and thus may have missed areas containing large thickets 
CONCLUSIONS 
• Acropora cervicornis density is not affected by the type of hard substrate 
• Shallow water depths contain the highest mean and variability in density 
• Suitable habitat occurred more frequently within shallow depths, which likely resulted in the 
higher mean density 
• There is a greater repopulation of A. cervicornis at Pulaski Shoal, which is apparent by the 
higher mean density and higher number hotspots that exist within the area 
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Table 3.1 Original and corrected total counts for Acropora cervicornis abundance among sites 
 
 Original Counts Corrected Counts 
Pulaski Shoal 400 229 
East Key 88 32 
Loggerhead Key 73 72 
 
Table  3.2 Total images classified as other rubble and Acropora cervicornis rubble. Percentages 
of total rubble images classified as A. cervicornis rubble are also shown. 
  
 Other rubble A. cervicornis 
rubble 
% A. cervicornis rubble Total Images 
Pulaski 
Shoal 
19,420 1,545 7% 20,965 
East Key 
 
10,529 954 8% 11,483 
Loggerhead 
Key 
26,724 4,148 13% 30,872 
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Table 3.3 Three-way non-parametric one way analysis of variance (NP ANOVA) results for the 
effect of habitat structure (HS), water depth (WD), and region (R) on mean density. Significance 
was measured at the level α < 0.05.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Pair-wise a posteriori tests 
 
Table 3.4 Benthic habitat composition characterizing each study area. Percentages were 
calculated from the areal coverage of the ATRIS-derived benthic habitat maps. Both senile reef 
and rubble are considered suitable A. cervicornis habitat. Rubble consists of both other rubble 
and A. cervicornis rubble. Benthic habitat maps provided by the U.S. Geological Survey.  
 
Benthic habitat Pulaski Shoal East Key Loggerhead Key 
Senile Reef 44.7% 8.10% 23.5% 
Rubble 10.0% 26.2% 5.79% 
Seagrass 17.8% 26.2% 0.64% 
Sand 27.5% 39.5% 70.0% 
 
Source df SS MS F  P 
L 2 0.19 0.095 7.18 0.001 
SH 3 0.077 0.025 1.95 0.119 
WD 1 0.365 0.365 27.5 0.001 
L x SH 6 0.11 0.018 1.38 0.223 
L x WD 2 0.047 0.014 1.12 0.165 
SH x WD 3 0.044 0.014 1.12 0.263 
L X SH x WD 6 0.052 0.008 0.661 0.556 
residual 416 5.53 0.013 - - 
total 439 6.41 - - - 
Comparison (L)*    T P 
PS vs. EK    1.07 0.281 
PS vs. LHK    3.6 0.001 
EK vs. LHK    1.47 0.18 
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Figure 3.1A Locations of Acropora cervicornis colonies (blue circles) and rubble (red squares) 
along the ATRIS tracklines at Pulaski Shoal. Original ATRIS tracklines were grouped according 
to 10 m2 transect areas following along the original path of each trackline. Areas classified as 
“rubble” include “other rubble” and “A. cervicornis rubble”. Areas where no data exists are 
colored white.  
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Figure 3.1B Locations of Acropora cervicornis colonies (blue circles) and rubble (red squares) 
along the ATRIS tracklines at East Key. Original ATRIS tracklines were grouped according to 10 
m2 transect areas following along the original path of each trackline. Areas classified as “rubble” 
include “other rubble” and “A. cervicornis rubble”. Areas where no data exists are colored white.  
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Figure 3.1C  Locations of Acropora cervicornis colonies (blue circles) and rubble (red squares) 
along the ATRIS tracklines at Loggerhead Key. Original ATRIS tracklines were grouped 
according to 10 m2 transect areas following along the original path of each trackline. Areas 
classified as “rubble” include “other rubble” and “A. cervicornis rubble”. Areas where no data 
exists are colored white.  
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   Figure 3.2  Acropora cervicornis colonies found on images classified by habitat type.  
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Figure 3.3 (Map A and B) Spatial distribution and variation in Acropora cervicornis density 
(colored circles of different sizes) at Pulaski Shoal. The yellow, orange, and red circles denote 
hotspots or areas with significantly higher density (≥ 0.44 colonies/m2). Areas classified as 
“rubble” include “other rubble” and “A. cervicornis rubble”. Areas where no data exists are 
colored white.  
 
 
A B 
76 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Figure 3.3 Continued 
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Figure 3.4 (Map A and B) Spatial distribution and variation in Acropora cervicornis density 
(colored circles of different sizes) at East Key. The yellow, orange, and red circles denote 
hotspots or areas with significantly higher density (≥ 0.44 colonies/m2). Areas classified as 
“rubble” include “other rubble” and “A. cervicornis rubble”. Areas where no data exists are 
colored white.  
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      Figure 3.4 Continued  
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Figure 3.5 (Map A and B) Spatial distribution and variation in Acropora cervicornis density 
(colored circles of different sizes) at Loggerhead Key. The yellow, orange, and red circles 
denote hotspots or areas with significantly higher density (≥ 0.44 colonies/m2). Areas classified 
as “rubble” include “other rubble” and “A. cervicornis rubble”. Areas where no data exists are 
colored white.  
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Figure 3.5 Continued  
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Figure 3.6A Percent occurrence of each suitable habitat within shallow versus deep 
depth ranges. The percent occurrence between shallow versus deep depths is 
computed separately for each habitat. For example, 60% of the total transects classified 
as senile reef occur in shallow depths and 40% occur in deep depths.  
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Figure 3.6B Percentage of each suitable habitat within shallow versus deep depth 
ranges upon which Acropora cervicornis occurs. For example, A. cervicornis occurs on 
36% of the total transects classified as senile reef within shallow depths and on 10.8% of 
the total transects classified as senile reef within deep depths.  
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Figure 3.7A Mean density (# colonies/m2) of Acropora cervicornis colonies between 
shallow (~1-9 m) and deep (~9-19 m) depth ranges (+/- 1 SE). Mean density was 
significantly higher (P = 0.001) within shallow depth ranges. Number of transects 
sampled within each depth range are listed in parentheses and includes both presence 
and absence data. P- value was computed from the permutation based one-way non-
parametric analysis of variance (NP ANOVA) at α = 0.05.  
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Figure 3.7B Mean density (# colonies/m2) of Acropora cervicornis colonies among three 
different habitat types (+/- 1 SE). The differences in mean density were not statistically 
significant (P = 0.119). Number of transects sampled within each habitat type are listed 
in parentheses and includes both presence and absence data.  P- value was computed 
from the permutation based one-way non-parametric analysis of variance (NP ANOVA) 
at α = 0.05.  
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Figure 3.7C Mean density (# colonies/m2) of Acropora cervicornis colonies among three 
different locations (+/- 1 SE). Mean density was significantly higher at Pulaski Shoal 
compared to Loggerhead Key (P = 0.001). Mean density at East Key was statistically 
similar to Pulaski Shoal (P = 0.281) and Loggerhead Key (P = 0.18) Number of transects 
sampled within each location are listed in parentheses and includes both presence and 
absence data.  P-values were computed from the permutation based one-way non-
parametric analysis of variance (NP ANOVA) pair-wise comparison tests at α = 0.05.  
 
 
 
 
 
 
 
 
86 
 
 
 
 
 
 
 
CHAPTER FOUR: 
 
 
OVERALL CONCLUSIONS 
 
 
CONCLUSIONS 
 
Ultimately, the larval supply of genetically distinct individuals will be important for the 
long term recovery, stability, and resilience of the A. cervicornis population. Research focused 
on population genetics within the Dry Tortugas, Florida Keys, and Caribbean will be valuable to 
evaluate the proportion of the population that is genetically distinct versus clonal in nature. 
These studies can not only provide an understanding of a population’s resilience to increasing 
stressors from anthropogenic impacts and disease, but also an understanding of larval supply 
and recruitment versus asexual reproduction rates. 
The results from this thesis provide vital information to resource managers about the 
spatial population dynamics of the historical population and the current repopulation of A. 
cervicornis within the DRTO region. These data can be used as a baseline for the continued 
monitoring of A. cervicornis in terms of its health, growth, and population dynamics. Research 
can be conducted to further characterize optimal habitat by investigating the variation in colony 
or thicket size among habitat types such as reef or rubble. Recovery rates can also be 
measured by comparing current and historical population size using areal coverage of colonies 
as a metric. This is possible due to the extensive mapping studies conducted in 1883 and 1976, 
which show the spatial distribution of A. cervicornis populations. Large spatial datasets such as 
those collected with ATRIS can also be used to investigate ecological questions at a range of 
spatial scales. For example, these data can also be used to determine spatial autocorrelation 
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and the effect of scale on the variation in habitat and depth distributions (Miller et al. 2002). 
While this thesis did not investigate a range of scales, it provides fine scale information on the 
current utilization of specific habitat types by A. cervicornis and can be used to improve the 
resolution of potential habitat maps developed by Wirt et al. (2015).   
 
